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1.  INTRODUCTION 

Combustion  instability  in  a  ramjet  engine  is  an  extremely  complex  phenomenon  involv¬ 
ing  nonlinear  interactions  among  acoustic  waves,  vortex  motion  and  unsteady  heat  release. 
Typically,  the  instability  manifests  itself  as  a  large-amplitude  pressure  oscillation  in  the  low- 
frequency  range  (100-800  Hz)  and  is  very  difficult  to  control.  When  the  amplitude  of  the  pres¬ 
sure  oscillation  reaches  some  critical  limit,  it  can  cause  structural  damage  due  to  fatigue  or 
can  cause  an  engine  "unstart,"  which  occurs  when  the  shock  in  the  inlet  duct  is  expelled  to 
form  a  bow  shock  ahead  of  the  inlet.  This  phenomenon  of  engine  unstart  is  one  of  the  most 
serious  technical  problems  encountered  in  developing  an  operational  ramjet  engine. 

In  recent  years,  both  experimental  (e.g.,  Schadow  et  al.,  1989;  Smith  and  Zukoski,  1985; 
Hedge  et  al.,  1987)  and  numerical  (e.g.,  Menon  and  Jou,  1990,  1991;  Jou  and  Menon,  1990) 
investigations  have  been  conducted  to  determine  the  mechanism  of  the  combustion  instabil¬ 
ity.  Attempts  to  control  combustion  instability  using  both  passive  and  active  control  tech¬ 
niques  have  also  been  carried  out  in  he  past  (Culick,  1989).  Passive  control  methods  that 
typically  involve  structural  (i.e.,  geometrical)  modifications  have  proven  insufficient  for  con¬ 
trolling  the  low-frequency  instability.  Recent  experimental  studies  (e.g.,  Langhome  and 
Hooper,  1989;  Schadow  et  al.,  1990;  Gutmark  et  al.,  1990)  suggest  that  active  control  tech¬ 
niques  may  be  more  effective  in  controlling  the  combustion  instability  in  a  ramjet.  In  parallel 
to  the  experimental  studies,  a  numerical  study  of  active  control  methods  was  carried  out  in 
this  project.  Earlier,  the  result  of  numerical  studies  of  active  control  using  acoustic  feedback 
techniques  was  reported  (Menon,  1990,  1991)  and  it  was  shown  that  combustion  instability 
can  be  successfully  controlled  using  such  techniques  provided  certain  feedback  criteria  are 
satisfied.  Although,  the  results  are  in  good  agreement  with  experimental  observations,  it  is 
well  known  that  in  realistic  ramjet  combustors,  acoustic  feedback  control  using  loudspeakers 
as  the  controller  may  not  be  practical  due  to  the  prevailant  hostile  (hot)  environment  in  the 
combustor.  A  numerical  study  of  another  type  of  active  control  technique  which  uses  secon¬ 
dary  injection  of  the  premixed  fuel  as  the  controller  was  also  carried  out.  Such  a  technique 
has  been  shown  experimentally  to  be  a  more  practical  and  effective  control  system  (e.g., 
Langhome  and  Hooper,  1989). 

In  this  report,  the  results  of  the  simulations  carried  out  over  the  two-year  period  (May 
1990  -  May  1992)  are  summarized.  For  completeness,  the  papers  that  were  written  using  the 
results  of  the  study  (Menon,  1990,  1991,  1992a,  1992b)  are  included  in  Appendix  A. 

2.  THE  SIMULATION  MODEL 

The  simulation  model  used  in  this  study  was  developed  through  a  series  of  numerical 
experiments  starting  with  cold  flow  studies  (Menon  and  Jou,  1987,  1990;  Jou  and  Menon, 
1987,  1990)  and  culminating  in  the  simulation  of  combustion  instability  (Menon  and  Jou, 
1991).  The  equations  are  the  full  compressible  Navier-Stokes  equations  formulated  in  the 
axisymmetric  coordinate  system.  The  original  numerical  technique  is  an  unsplit  second- 
order-accurate,  finite-volume  scheme  based  on  MacCormack's  method;  it  has  been  described 
elsewhere  (Menon  and  Jou,  1987,  1990).  In  die  present  study,  a  fourth-order-accurate  spatial 
differencing  scheme  has  been  used  for  most  of  die  simulations.  The  modeled  ramjet  combus¬ 
tor  consists  of  an  axisymmetric  inlet  duct  connected  to  an  axisymmetric  dump  combustor  by  a 
sudden  expansion.  A  convergent-divergent  nozzle  is  attached  downstream  of  the  combustor. 
This  configuration  is  similar  to  an  experimental  test  rig  currently  being  used  for  active  control 
studies  at  die  Naval  Weapons  Cotter,  China  Lake,  except  that,  in  the  simulations,  a 
convergent-divergent  nozzle  is  attached  downstream  of  die  combustor.  This  is  more 
representative  of  a  real  operating  ramjet  configuration.  The  flow  through  this  nozzle  is 
choked,  and  the  outflow  at  die  downstream  computational  boundary  is  supersonic. 
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2.1.  The  Combustion  Model 

In  premixed  combustion,  the  amount  of  heat  release  per  unit  area  of  flame  is  determined 
by  the  local  flame  speed  and  by  the  specific  chemical  energy  available  in  the  fuel.  If  a  finite- 
rate  chemical  mechanism  for  premixed  combustion  is  employed  in  an  LES,  the  numerical 
simulation  must  implicitly  compute  the  local  flame  speed.  Unfortunately,  this  is  difficult  to 
achieve  in  practice.  The  flame  speed  depends  upon  die  dissipation  mechanism  and  therefore, 
the  internal  structure  of  die  flame  sheet.  Because  the  number  of  grid  points  are  limited  in 
LES,  the  flame  sheet  cannot  be  resolved  adequately.  Also,  all  numerical  schemes  involve 
some  form  of  artificial  dissipation,  either  expliddy  added  to  stabilize  die  computations  or 
impliddy  present  due  to  die  differendng  algorithm.  As  a  result,  the  computed  flame  struc¬ 
ture  will  be  numerically  diffused  and  the  temporal-spatial  distribution  of  the  heat  release 
could  be  overwhelmed  by  numerical  diffusion. 

The  problems  assodated  with  employing  a  dassical  finite-rate  model  can  be  circum¬ 
vented  by  using  a  thin  flame  model.  In  this  approach,  the  flame  thickness  is  considered  small 
compared  to  the  smallest  turbulent  length  scale  (i.e.,  the  Kolmogorov  scale),  and  if  the  changes 
in  the  reaction-diffusion  structure  due  to  turbulent  straining  are  also  small,  then  the  reaction 
zone  can  be  considered  to  be  asymptotically  thin.  Within  the  thin  flame  approximation,  a  model 
equation  for  premixed  combustion  is  considered  in  which  the  local  flame  speed  explidtly 
appears.  If  the  local  flame  speed  i*F  is  known,  a  progress  variable  G  can  be  defined  that  is 
governed  by  the  equation  (Kerstein  et  al.,  1988;  Menon  and  Jou,  1991): 

+  a^"pM,G  =  ~pUF  lVG  I  (1) 

where  p  is  the  density  and  u,  is  the  fluid  velocity.  Equation  (1)  describes  the  convection  of  the 
flame  by  the  local  fluid  velocity  and  the  flame  propagation  into  the  unbumt  mixture  through  a 
Huygens  type  mechanism,  uF  I  VG  I  .  Here,  by  definition,  G  *  1  corresponds  to  the  premixed 
fuel  state,  G  =  0  corresponds  to  the  fully  burnt  state  and  the  flame  is  located  at  a  prescribed 
G  =  G0  level  surface,  where,  0<Go<l.  For  laminar  premixed  combustion,  the  local  flame  speed 
uF  is  the  laminar  flame  speed  SL  which  contains  the  information  on  the  chemical  kinetics  and  the 
molecular  dissipation.  When  Equation  (1)  is  applied  to  turbulent  flows,  the  local  flame  speed  uF 
is  taken  to  be  the  local  turbulent  flame  speed  uT ,  where  uT  is  a  prescribed  function  of  local  tur¬ 
bulence  intensity  u  and  the  laminar  flame  speed  SL  (here  treated  as  a  constant  chemical  pro¬ 
perty,  though  in  reality  it  is  sensitive  to  the  strain  field  affecting  the  flame).  The  implementation 
of  the  thin  flame  model  as  a  part  of  the  LES  transport  equations  therefore  explicitly  requires  the 
specification  of  the  subgrid  turbulent  kinetic  energy  to  determine  the  turbulent  flame  speed. 
This  is  accomplished  in  the  present  study  by  explicitly  computing  the  subgrid  turbulent  kinetic 
energy  as  described  in  Section  2.2.  The  next  issue  that  must  be  addressed  is  the  determination  of 
the  functional  relation:  uT  ■  uT(SL,u  ).  It  appears  that  a  general  functional  relationship 
between  the  turbulent  flame  speed,  the  laminar  flame  speed  and  the  turbulence  intensity  which  is 
valid  for  all  types  of  fuel  and  flow  conditions  is  difficult  to  develop.  Yakhot  (1988)  used  renor¬ 
malization  theory  to  develop  a  relation  of  the  form  uT/SL  •  exp (u'2/uT2)  which  reduces  to  the 
linear  scaling,  uT/SL  ~  (1  +  u/SL)  when  u'/SL  »  1  limit,  and  to  the  Qavin- Williams  relation 
“t/Sl  ~  (1  +  («'/SL)P),  where  p  ■  2  when  u  /SL  <  limit.  He  also  showed  that,  at  least  for  high 
u/5l  cases,  this  expression  shows  good  agreement  with  experimental  data.  However,  recently, 
Kerstein  and  Ashurst  (1992)  showed  that  for  low  u'/SL,  the  Qavin-Williams  expression  maybe 
incorrect  and  proposed  a  scaling  with  p  »  V3.  In  the  present  study,  both  Yakhot’s  expression 
and  the  more  simplified  approximations  (linear  scaling,  i.e.,  p  ■  1  for  u'/SL  >  1  and  the  modified 
Gavin- Williams  relation,  i.e.,  p  ■  4/3  for  «/SL  <  1)  were  investigated.  Yakhot’s  relation  is  a 
nonlinear  equation  that  requires  iteration  at  every  grid  point  and  at  every  time  step  to  determine 
the  turbulent  flame  speed.  This  is  computationally  very  expensive  and  therefore,  to  reduce  com¬ 
putational  effort,  an  approach  is  being  implemented  in  which  a  look-up  table  of  uT  *  uT(SL,  u  ) 
is  first  generated  and  then  the  turbulent  flame  speed  is  determined  by  using  interpolation  rou¬ 
tines.  However,  since  this  approach  is  still  under  development,  so  far,  the  more  simpler 


-3- 


relations  described  above  have  been  used  to  determine  the  turbulent  flame  speed. 

In  addition  to  the  specification  of  the  turbulent  flame  speed,  the  effect  of  heai  release 
must  be  included  to  couple  the  effect  of  combustion  with  the  large-scale  transport.  The  chem¬ 
ical  energy  of  the  mixture  is  included  in  die  formulation  by  specifying  die  specific  enthalpy  h 
of  die  mixture  in  the  energy  equation  as  h  *  CpT  +  hfG.  Here,  hf  is  die  heat  of  formation 
of  die  premixed  fuel,  Cp  is  die  specific  heat  of  the  mixture  at  constant  pressure,  and  T  is  the 
temperature.  The  heat  of  formation  of  the  fuel  determines  the  amount  of  heat  released  during 
combustion  and  thus  is  a  function  of  the  equivalence  ratio  for  a  given  fuel.  The  product  tem¬ 
perature  Tp  can  be  estimated  for  a  given  heat  of  formation  by  the  relation  hf  =  Cp(Tp  -  T^), 
where  is  the  fuel  temperature  at  the  inlet.  In  the  simulations,  die  combustion  product 
temperature  is  initially  specified,  and  die  heat  of  formation  is  determined  from  the  above 
noted  expression  for  hf . 


2.2.  The  Subgrid  Model 

In  a  practical  ramjet  device,  the  Reynolds  number  of  the  flow  is  extremely  high.  A  LES 
of  such  a  flow  requires  a  validated  subgrid  model.  Subgrid  models  for  compressible  flows 
have  just  begun  to  be  investigated  (e.g.,  Speziale  et  al.,  1987,  Squires  and  Zeeman  1990).  At 
present,  it  is  not  clear  what  is  an  appropriate  subgrid  model  for  flows  such  as  those  in  a  ram¬ 
jet  combustor.  The  earlier  simulations  (Menon  and  Jou,  1991)  with  the  short  inlet  duct  length 
were  carried  out  using  a  constant  eddy  viscosity  model  and  a  constant  turbulent  flame  speed 
for  flows  in  a  moderate  Reynolds  number  range.  Some  important  physical  properties,  such  as 
the  spatial  nonuniformity  of  subgrid  turbulence  and  its  effect  on  the  local  flame  speed  and  the 
amount  of  heat  release,  were  not  included  in  this  approach.  However,  as  shown  earlier 
(Menon  and  Jou,  1991),  the  major  qualitative  interactions  between  the  large-scale  vortex  struc¬ 
tures  and  the  combustion  heat  release  could  be  captured  by  the  constant  flame  spaed  model. 
In  the  present  study,  the  effect  of  nonunifonn  subgrid  turbulence  on  the  turbulent  flame 
speed  and  on  combustion  instability  has  been  included  by  using  a  subgrid  model  for  turbulent 
kinetic  energy  and  then  determining  the  turbulent  flame  speed  based  on  the  scaling  relation¬ 
ships  described  in  Section  2.1.  The  subgrid  model  used  for  this  study  is  described  in  this  sec¬ 
tion. 


Recently,  Zeeman  (1990)  has  proposed  a  model  for  the  subgrid  eddy  viscosity  which 
requires  the  determination  of  the  subgrid  turbulent  kinetic  energy.  He  employed  concepts 
from  the  traditional  Reynolds-averaged  second-order  closure  approach  to  derive  this  model 
and  showed  that  this  eddy  viscosity  model  reduces  to  the  Smagorinsky's  model  in  the 
incompressible  limit.  Although  this  model  has  been  tested  only  for  simple  problems,  such  as 
decaying,  compressible  homogeneous  turbulence  (Squires  and  Zeeman,  1990),  the  relevant 
feature  of  this  model  is  that  the  subgrid  kinetic  energy  is  computed  in  terms  of  the  resolved 
fields  to  determine  the  subgrid  eddy  viscosity.  Since,  the  subgrid  kinetic  energy  distribution 
is  essential  for  the  specification  of  the  turbulent  flame  speed,  this  model  has  been  imple¬ 
mented  to  determine  its  applicability  for  LES  of  reacting  flow  fields. 


The  formulation  begins  by  considering  a  one-equation  model  for  the  subgrid  turbulent 
kinetic  energy,  and  then  neglecting  the  convective  term  Dk/Dt  by  using  inertial  range  scaling 
to  show  that  the  convective  term  is  much  smaller  than  the  source  terms  of  this  k  -transport 
equation.  Without  going  into  the  details  of  this  formulation  (Squires  and  Zeeman,  1990)  a 
final  expression  for  the  subgrid  kinetic  energy  is  obtained  as: 


k 


2CA1 1  Su  1 2  +  CAJ4! 


pTPr,  3  *'  dXi 


(2) 


Here,  A  is  die  characteristic  filter  size,  ut,  p,  p  and  T  are,  respectively,  the  Favre-filtered 
(Erlebacher  et  al.,  1988)  large-scale  (resolved)  velocity,  density,  pressure  and  temperature,  and 

k  ■  ^-(u,”')  is  the  subgrid  turbulent  kinetic  energy.  Also,  Sj;  »  —•(— -  +  is  die  strain 

2  2  dXt  oX{ 

tensor  in  terms  of  die  resolved  velocity  field.  The  constants  C  and  Pr,  are  chosen  for  die 
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present  study  to  be  0.05  and  0.8,  respectively. 

The  subgrid  eddy  viscosity  v,  is  related  to  the  subgrid  kinetic  energy  by  the  expression: 

v,  *  C  k2 A  Once  k  is  known,  the  subgrid  turbulence  intensity  u  (u  *  V2 k)  and  the  tur¬ 
bulent  flame  speed  uF  can  be  determined.  This  model  is  also  used  to  determine  the  turbulent 
subgrid  fluxes  appearing  in_the  momentum  equations.  Thus,  the  subgrid  stresses  in  the 
momentum  transport,  ti;*  =  p(u, Uj  -UjUj)  ~  pu<  Uj  is  given  as 

fiy*  -  -  — 2pv,S„  (3) 


Qosure  of  the  subgrid  terms  appearing  in  the  energy  transport  is  also  accomplished  using  the 
eddy  viscosity  model The  typical  term  that  needs  to  be  modeled  is: 
q,*  «  pcv(T  Uj  -T  Uj)  ~  p cvT  «f  .  Ibis  term  is  modeled  as 


P  CVT  Uj 


(4) 


where,  o.,  is  determined  from  the  relation: 


PCv 


Pr, 
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(5) 


Some  modifications  are  required  to  implement  this  model  in  axisymmetric  flows  and  in 
flows  with  complex  geometries.  To  include  the  effect  of  walls,  an  additional  correction  has 
been  used  to  ensure  that  the  subgrid  stress  variation  is  modeled  correctly  near  the  wall.  Here, 
the  wall  damping  model  of  Piomelli  et  al.  (1988)  is  used  to  redefine  the  filter  width  as 
A  =  Ax  [1  -  exp(-y+3/A+3)]  where  \g  is  the  characteristic  grid  size,  y+  »  yu/v  is  the  distance 
from  die  wall  in  wall  units  and  A*  ■  25.  With  this  definition,  the  subgrid  stress  varies  as 
y+3  near  the  wall. 

A  major  issue  for  LES  of  complex  flows  is  whether  the  primary  assumption  that  the 
subgrid  scales  are  primarily  dissipative  (and  contain  negligible  kinetic  energy)  is  valid.  Past 
direct  numerical  simulations  of  relatively  simpler  flows  (e.g.,  Piomelli  et  al.,  1990)  have 
demonstrated  that  the  unresolved  scales  can  contain  significant  kinetic  energy  and  thus  the 
phenomena  of  backscatter  (transfer  of  energy  from  die  small  scales  to  die  large  scales)  will 
have  to  be  take  into  account.  Thus,  in  general,  equation  (4)  will  not  correctly  reflect  the  pro¬ 
cess  of  energy  transfer  at  the  filter  cutoff.  A  stochastic  backscatter  model  was  recently 
developed  by  Chasnov  (1991)  for  application  as  a  subgrid  model.  However,  this  model  was 
developed  in  die  spectral  space  and,  as  such,  is  not  practical  for  application  to  complex  flows 
and  to  complex  geometries.  Here,  we  consider  an  approach  in  the  physical  space  that  con¬ 
tains  die  elements  of  the  model  developed  by  Chasnov  in  die  spectral  space.  A  backscatter 
model  was  also  recently  shown  by  Leith  (1990).  By  carrying  out  a  simple  phenomenological 
analysis,  a  similar  model  has  been  developed  that  uses  die  results  of  the  study  by  Chasnov. 
The  basic  properties  that  are  used  to  derive  the  backscatter  model  are:  (1)  forward  scatter 
and  backscatter  are  modeled  by  two  distinctly  different  mechanisms,  (2)  forward  scatter  is 
modeled  by  an  eddy  damping  term  as  in  the  spectral  formulation  (results  in  an  expression 
similar  to  equation  3),  (3)  backscatter  is  modeled  by  a  random  force  (as  in  the  spectral  formu¬ 
lation)  which  satisfies  certain  constraints  (it  is  uncorrelated  in  time  with  a  zero  mean,  and,  to 
ensure  that  it  adds  a  finite  amount  of  energy  to  the  turbulence,  the  force  is  proportional  to 
A 1 -w).  These  properties  are  discussed  in  more  details  by  Chasnov  (1991). 

Thus,  die  total  subgrid  eddy  viscosity  is  a  sum  of  two  terms:  an  eddy  damping  term  v, 
and  a  random  "diffusion"  term  such  that:  vT(x,  t)  •  v,(x,  t)  -  Fr(x,  t ),  where  vr  is  die 
total  subgrid  eddy  viscosity  and  Fr(x,  t)  is  the  random  diffusion  term.  The  model  of  die 
anisotropic  part  of  the  subgrid  Reynolds-s tress  term  is  then  written  as 
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V  -  “  -2 Pv*%  +  pFrSi;  (6) 

The  eddy  damping  tern  v,  is  chosen  to  be  the  same  as  the  original  forward  scatter  eddy 
viscosity,  v, ,  given  above.  The  backscatter  contribution  to  the  subgrid  stress  is  determined  by 
using  the  points  noted  above  and  by  using  simple  dimensional  analysis.  Without  going  into 
details  (Menon,  1991b)  the  random  diffusion  term  is  given  as: 

FA;  -  Css  rand  |  S  I  Si;  w  (7) 

where  I  S  I  *  I  SmS^  I  M,  rand  is  a  random  number  with  zero  mean  and  unit  variance  and 
CBS  is  a  constant  or  0(1)  taken  here  to  be  0.1.  On  using  equations  (3)  and  (7)  in  equation  (6), 
the  final  expression  for  the  two-term  subgrid  model  is 

V  -  ■JT«r*8i;  “  -2pvt  S,  +  CBS  p  rand  I  S  I  Sj™  (8) 


3.  RESULTS  OF  THE  STUDY 

This  research  program  has  made  significant  advances  towards  accomplishing  the 
research  goals  and  objectives.  The  simulation  model  has  been  further  extended  for  general 
applications,  the  axisymmetric  code  has  been  implemented  on  a  massively  parallel  processor 
and  studies  of  two  active  control  techniques  have  been  carried  out.  In  the  following,  the  vari¬ 
ous  accomplishments  so  far  in  this  research  study  are  briefly  described  in  separate  subsec¬ 
tions. 

3.1.  Further  Development  of  the  Simulation  Model 

The  simplifying  assumptions  used  for  the  earlier  combustion  instability  simulations  have 
now  been  removed.  For  example,  the  earlier  model  employed  a  second-order-accurate 
numerical  scheme  with  a  constant  eddy-viscosity  subgrid  model.  The  turbulent  flame  speed 
used  for  the  combustion  simulations  was  also  assumed  to  be  a  constant.  The  numerical 
scheme  is  now  fourth-order-accurate  in  space  and  a  new  subgrid  model  that  explicitly  com¬ 
putes  the  subgrid  kinetic  energy  has  been  successfully  implemented  (see  section  2.0  and 
Menon,  1992b,  for  more  details).  The  inclusion  of  a  more  general  subgrid  model  allows  simu¬ 
lations  with  coarser  grids  and  at  higher  Reynolds  number.  Simulations  of  flows  at  high  Rey¬ 
nolds  number  are  essential  to  model  realistic  combustor  flows.  The  new  subgrid  model  also 
allows  the  proper  closure  of  the  subgrid  Reynolds  stresses  and  heat  flux  terms  (which  were 
assumed  to  be  constants  earlier).  The  spatial  accuracy  has  been  increased  to  ensure  that  the 
reduction  of  fire  grid  resolution  does  not  effect  the  computed  physics  of  the  flow  field.  Prel¬ 
iminary  validation  of  the  new  simulation  model  has  been  completed  (Menon,  1992b)  and  die 
results  show  that  die  current  approach  is  capturing  features  of  combustion  instability  seen  in 
recent  NWC  experiments.  Further  validation  studies  are  currentiy  being  carried  out. 

With  die  subgrid  kinetic  energy  known,  a  more  general  expression  of  die  turbulent 
flame  speed  (in  terms  of  the  laminar  flame  speed  and  subgrid  turbulence  intensity)  is  now 
being  used  for  all  simulations.  Thus,  die  current  simulation  model  allows  die  inclusion  of  die 
effects  of  nonuniform  turbulent  flame  speed  on  combustion  instability  and  control.  Some  of 
these  simulations  are  discussed  in  Menon  (1992a).  It  was  found  that  for  a  long  inlet  duct  con¬ 
figuration  (this  is  a  configuration  similar  to  a  NWC  test-rig),  die  inlet  duct  acoustics  controls 
die  dominant  mode  of  die  pressure  oscillation.  It  was  also  shown  that  when  the  inlet  flow 
speed  was  changed  the  frequency  of  the  pressure  oscillation  is  effected  indicating  that  in 
some  cases,  in  addition  to  die  inlet  duct  acoustics,  a  convective  mode  (i.e.  a  coupled 
acoustic-vortex  mode)  may  play  a  role  in  exciting  combustion  instability.  This  is  exactly  what 
has  been  observed  in  many  experiments,  at  NWC  and  at  UC  Berkeley. 
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3.2.  Development  of  a  Massively  Parallel  LES  Code 

Another  major  development  task  accomplished  during  this  research  year  was  the  imple¬ 
mentation  of  the  simulation  code  on  a  massively  parallel  processor  (the  iPSC/860)  at  NASA 
Ames.  This  task  was  not  in  die  original  work  plan;  however,  it  was  considered  worthwhile 
since  processing  capability  of  supercomputers  such  as  the  Cray  is  not  increasing  and  thus,  full 
3D  LES  on  these  machines  will  be  very  expensive.  On  the  other  hand,  the  scalable  nature  of 
die  massively  parallel  processors  provides  a  capability  that  may  be  more  efficient  for  detailed 
3D  LES  in  die  near  future.  To  evaluate  these  types  of  machines,  the  axisymmetric  LES  code 
was  successfully  implemented  on  the  iPSC/860  and  preliminary  simulations  have  been  com¬ 
pleted.  The  results  of  these  tests  suggests  that  die  current  code  executes  with  nearly  the 
same  speed  on  a  32-processor  iPSC/860  as  on  a  single  Cray-YMP  processor.  We  are  currently 
carrying  out  combustion  instability  simulations  to  evaluate  die  performance  of  the  new  code 
and  to  obtain  data  for  analysis.  Some  results  of  this  study  will  be  reported  soon  (Menon  and 
Weeratunga,  1992;  Weeratunga  and  Menon,  1992). 

3.3.  Acoustic  Feedback  Control  of  Combustion  Instability 

Simulations  of  combustion  instability  in  the  ramjet  were  carried  out  earlier  using  the 
simplified  subgrid  and  combustion  models  (Menon  and  Jou,  1991).  These  simulations  showed 
that  two  types  of  instability  processes  can  occur.  The  first  type  (Type  I)  is  characterized  by  a 
small-amplitude  high-frequency  pressure  oscillation,  and  the  second  type  (Type  II)  involves  a 
large-amplitude  low-frequency  pressure  oscillation.  Both  types  of  combustion  instabilities 
have  been  experimentally  observed  at  NWC  and  CalTech.  Furthermore,  many  of  the  numeri¬ 
cally  computed  features,  such  as  the  levels  of  pressure  fluctuation,  the  phase  relation  between 
velocity  and  pressure  fluctuations,  and  the  structure  of  the  flame,  were  qualitatively  similar  to 
experimental  observations. 

Using  the  stored  data  for  these  simulations,  an  investigation  of  acoustic  feedback  control 
technique  was  carried  out.  The  experimental  control  system,  which  consists  of  a  sensor 
(microphone),  a  phase  shifter,  an  amplifier  and  a  control  driver  (loudspeaker),  was  numeri¬ 
cally  modeled.  A  time-delay  controller  which  is  a  more  general  implementation  of  the  phase- 
shift  controller  was  used  for  the  simulations.  It  was  shown  that  the  control  of  both  Type  I 
and  Type  n  instabilities  in  the  ramjet  can  be  successfully  accomplished  using  this  closed-loop 
system.  A  significant  decrease  in  the  pressure  fluctuation  levels  occurs  when  the  control  is 
used.  It  was  shown  that  with  active  acoustic  feedback  control,  the  pressure  oscillation  level 
can  be  brought  down  to  the  level  seen  in  cold  flows.  It  was  also  shown  that  the  instability 
returns  to  its  original  form  when  the  control  is  turned  off. 

The  control  also  appeared  to  be  effective  for  different  values  of  time-delays  between  the 
sensor  and  the  control  signals,  indicating  that  this  is  not  an  "anti-sound"  approach  (which 
would  require  a  specific  phas*  relation  between  the  sensor  and  control  signals).  The  success 
of  different  time-delays  in  suppressing  the  instability  was  similar  to  the  observations  made  at 
NWC  using  different  phase  shifts.  The  results  also  showed  that  not  all  time-delays  will  pro¬ 
vide  control.  This  is  again  similar  to  the  observations  made  in  the  experiments.  By  careful 
parametric  analysis  of  the  numerical  simulations,  a  criterion  for  achieving  control  using  acoustic 
feedback  was  determined.  It  was  shown  that  as  long  as  the  cross-correlation  between  the  sensor 
(microphone)  and  driver  (loudspeaker)  signals  remained  negative,  the  control  technique  will 
succeed  and  when  the  cross-correlation  becomes  positive,  the  control  will  fail.  The  results  of  the 
acoustic  feedback  control  studies  were  described  in  a  series  of  papers  (Menon,  1990;  Menon, 
1991  and  Menon,  1992a)  which  are  included  in  Appendix  A. 

3.4.  Secondary  Fuel  Injection  Control  of  Combustion  Instability 

Another  active  control  strategy  that  is  being  studied  is  the  introduction  of  additional 
premixed  fuel  at  some  chosen  location.  Earlier  experiments  have  shown  that  this  approach  is 
quite  effective  in  suppressing  combustion  instability  and  may  in  fact  result  in  an  increase  in 
thrust.  Also,  such  a  controller  is  probably  more  practical  for  realistic  combustors  since. 
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acoustic  drivers  may  not  survive  in  hot  environments.  Only  simplified  control  systems  have 
been  investigated  so  far  to  first  understand  the  behavior  of  the  instability  when  additional 
heat  release  occurs.  These  controllers  employed  steady  injection,  pulsed  injection  or  injection 
with  a  fixed  time-delay.  These  controllers  can  be  considered  simplification  of  a  general  con¬ 
troller  (which  employs  a  dynamically  varying  time-delay)  that  is  now  being  investigated. 

The  location  used  for  injecting  the  secondary  fuel  is  in  the  inlet  upstream  of  the  dump 
plane.  This  is  similar  to  the  approach  taken  in  earlier  experiments  at  Cambridge  University. 
It  is  also  somewhat  similar  to  the  NWC  fuel  modulation  approach  since  one  of  the  effects  of 
secondary  fuel  injection  in  the  inlet  is  a  modification  of  the  inlet  duct  boundary  layer.  The 
net  effect  of  this  approach  is  a  modification  of  the  total  mass  flow  rate  of  the  fuel  into  the 
combustor  and  thus  a  modification  of  the  associated  heat  release.  The  results  of  these  studies 
are  described  in  a  series  of  papers  (Menon,  1991,  1992b,  1992c). 

The  secondary  fuel  injection  control  technique  resulted  in  some  interesting  behavior  that 
gives  a  physical  insight  into  the  mechanism  of  the  instability  and  the  effect  of  secondary  heat 
release.  In  the  short  inlet  configuration  studied  earlier  (using  the  constant  flame  speed 
model),  it  was  found  that  when  the  control  is  only  partially  effective,  although  the  amplitude 
is  reduced,  the  source  of  the  oscillation  is  uneffected  but  when  the  control  is  very  effective, 
not  only  the  amplitude  is  reduced  drastically,  the  source  of  the  oscillation  also  is  changed. 

When  secondary  fuel  injection  control  technique  was  used  in  the  long  inlet  configura¬ 
tion,  two  important  behavior  was  uncovered.  In  the  case  when  the  inlet  duct  acoustics  was 
controlling  the  instability,  the  control  results  in  reduction  of  the  pressure  fluctuation  level 
from  the  original  30  percent  to  around  15  percent,  but  the  frequency  remained  uneffected. 
This  showed  that  inlet  acoustics  is  still  driving  the  instability.  In  the  case  when  a  convective 
mode  of  oscillation  was  occuring,  the  injection  control  again  reduced  the  pressure  level  from 
the  original  30  percent  to  15  percent,  but  now,  two  new  low  frequencies  appears  in  the  oscil¬ 
lation.  It  appears  from  the  preliminary  analysis  that  the  lower  new  frequency  is  related  to  the 
convective  component  while  the  higher  one  was  again  the  inlet  duct  acoustic  mode. 

The  behavior  of  the  instability  seen  in  these  simulations  are  in  remarkable  agreement 
with  recent  observations  at  NWC.  For  example,  in  their  recent  study,  when  one  mode  was 
controlled  additional  modes  of  oscillation  was  excited.  Control  of  both  modes  of  oscillation 
appears  to  require  a  dual-mode  controller.  We  are  also  now  investigating  a  dual-mode, 
dynamically  adjusting  controller  for  our  simulations  so  that  when  a  new  mode  of  oscillation 
appears  the  controller  will  automatically  adjust  for  the  change.  The  results  of  these  studies 
will  be  reported  in  the  future. 

4.  SIGNIFICANCE  OF  THE  ACCOMPLISHMENTS 

The  development  of  a  numerical  simulation  tool  to  study  complex  and  realistic 
phenomena  such  as  combustion  instability  in  a  ramjet  is  a  major  accomplishment  in  computa¬ 
tional  research.  The  development  of  a  massively  parallel  LES  code  is  also  a  major  develop¬ 
ment  in  CFD  since,  so  far,  no  one  has  yet  addressed  the  potential  of  parallel  computing  for 
unsteady  combustion.  Results  obtained  so  far  indicate  that  active  control  techniques  can  be 
studied  using  such  a  simulation  code.  The  study  of  acoustic  feedback  control  has  resulted  in 
the  determination  of  a  criterion  that  can  be  used  to  judge  whether  control  will  work  or  not.  If 
further  experiments  of  acoustic  feedback  control  are  planned  it  would  be  worthwhile  to  find 
out  if  this  criteria  can  be  used  to  develop  an  automatic  controller  that  would  work  for  a  wide 
range  of  operating  conditions.  The  secondary  fuel  injection  control  approach  will  be  the 
major  focus  of  the  next  year  study.  The  results  obtained  so  far  has  deariy  shown  that  many 
of  die  important  features  of  die  instability  seen  in  the  experiments  have  been  captured  in  die 
simulation.  The  effect  of  control  is  also  quite  similar  to  that  seen  in  the  experiments.  Further 
research  using  theoretical  considerations  are  planned  to  provide  some  insight  into  the  details 
of  die  instability  process  and  its  control  that  cannot  be  determined  experimentally. 
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5.  WORK  PLAN  FOR  THE  NEXT  TWO  YEARS 

The  research  wall  be  continued  for  the  next  two  years  at  Georgia  Tech,  where  the  princi¬ 
pal  investigator  is  becoming  an  Associate  Professor.  There  are  three  major  objectives  for  the 
rest  of  this  program: 

[1]  Use  theoretical  considerations  to  analyse  the  simulation  data  to  determine  a  fuel  injec¬ 
tion  controller 

[2]  Simulation  and  Active  Control  Studies  on  the  iPSC/860 

[3]  Full  Three-Dimensional  Simulations  of  Combustion  Instability  and  Active  Control 

(1)  Use  theoretical  considerations  to  analyse  the  simulation  data  to  determine  a  fuel  injection  con¬ 
troller 

Since  it  is  computationally  expensive  to  carry  out  a  series  of  simulations  to  train  a  con¬ 
troller  (as  done  experimentally),  it  is  planned  to  address  the  active  control  techniques  from  a 
theoretical  standpoint.  Some  work  in  that  direction  has  already  started  (Menon  and  Yang, 
1993).  In  this  approach,  the  simulated  instability  signals  will  be  used  in  a  theoretical  model 
for  combustion  instability  developed  by  Vigor  Yang  to  determine  the  stability  margin  required 
for  controller.  The  theoretically  derived  controller  will  then  be  used  in  the  simulation.  Since 
the  theory  neglects  some  important  nonlinear  features,  further  finetuning  will  be  required; 
however,  it  is  hoped  that  only  a  few  training  simulations  will  be  required  to  develop  a  robust 
controller.  If  this  approach  succeeds,  then  a  strong  theoretical/numerical  capability  would 
become  available  that  could  be  used  for  active  control  studies. 

(2)  Simulation  and  Active  Control  Studies  on  the  iPSCI860 

Since  the  current  code  is  operational  on  the  iPSC/860,  most  of  the  next  two  years 
axisymmetric  simulations  are  planned  on  the  parallel  machine.  Further  development  of  the 
LES  model  to  account  for  flame  curvature  and  local  extinction  will  be  incorporated  and  tested 
on  the  Cray,  and  then  ported  on  to  the  iPSC/860. 

(3)  Full  Three-Dimensional  Simulations  of  Combustion  Instability  and  Active  Control  The  full  3D 
code  is  now  ready  and  we  have  received  sufficient  time  on  the  Cray-YMP  to  cany  out  a  lim¬ 
ited  number  for  full  3D  simulations.  The  goal  of  this  study  is  to  evaluate  the  importance  of 
three-  dimensionality  on  the  evolution  of  the  coherent  structures  and  on  the  combustion  insta¬ 
bility.  Since  the  computational  cost  of  3D  LES  is  quite  extensive,  active  control  studies  will  be 
considered  only  after  the  controller  has  been  successfuly  demonstrated  on  the  axisymmetric 
code  and  only  if  sufficient  computer  time  is  available.  From  practical  standpoint,  full  3D  LES 
may  be  more  economically  feasible  on  the  iPSC/860;  however,  porting  the  3D  code  on  to  the 
parallel  machine  will  require  a  major  effort  and  will  have  to  wait  availability  of  further 
resources. 
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ABSTRACT 

A  large-eddy  simulation  model  has  been  developed  to  study  combustion  instability  in  a  ramjet 
combustor.  A  thin-flamc  model  for  premixed  combustion  is  employed  in  the  numerical  scheme,  which 
explicitly  uses  the  local  turbulent  flame  speed  in  the  governing  equation.  Combustion  instability  in 
the  ramjet  has  been  numerically  simulated.  Two  types  of  instability  are  observed:  a  small-amplitude, 
high-frequency  instability  and  a  large-amplitude,  low-frequency  instability.  Both  such  instabilities 
have  been  experimentally  observed,  and  various  computed  flow  features  are  in  good  qualitative  agree¬ 
ment  with  experimental  observations.  The  information  obtained  from  these  simulations  has  been  used 
to  develop  an  active  control  strategy  to  suppress  the  instability.  Control  of  both  types  of  combustion 
instability  was  successfully  achieved  using  die  acoustic  feedback  technique,  and  the  control  could  be 
used  to  turn  the  instability  on  and  off.  The  control  is  effective  over  a  range  of  time  delays,  and  the 
pressure  fluctuation  levels  in  the  combustor  are  significandy  reduced  when  active  control  is  used. 

1.  INTRODUCTION 

Combustion  instability  in  a  ramjet  engine  is  an  extremely  complex  phenomenon  involving  non¬ 
linear  interactions  among  acoustic  waves,  vortex  motion,  and  unsteady  heat  release.  Typically,  the 
instability  manifests  itself  as  a  large-amplitude  pressure  oscillation  in  die  low-frequency  range  (100- 
1000  Hz).  This  instability  is  related  to  longitudinal  acoustic  waves  and  is  die  most  difficult  to  control. 
When  die  amplitude  of  the  pressure  oscillation  reaches  some  critical  limit,  it  can  result  in  system 
failure,  either  by  causing  structural  damage  due  to  fhdgue  or  by  causing  an  engine  “unstart,"  which 
occurs  when  the  shock  in  the  inlet  duct  can  no  looter  be  stabilized  downstream  of  the  choked  inlet 
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throat  and  is  expelled  to  form  a  bow  shock  ahead  of  the  inlet  This  phenomenon  of  engine  unstart  is  a 
serious  technical  problem  encountered  in  a  ramjet  engine.  In  recent  years,  both  experimental  (c.g., 
Schadow  et  aL,  1987,  1990;  Gutmark  et  aL,  1989,  1990;  Smith  and  Zukoski,  1985;  Sterling  and 
Zukoski,  1987;  Hedge  et  aL,  1987)  and  numerical  (eg^  Menem  and  Jou,  1987,  1990,  1991;  Jou  and 
Menon,  1987,  1990;  Kailasanath  et  aL,  1989)  investigatkms  have  been  carried  out  to  determine  the 
mechanism  of  the  combustion  instability.  Attempts  to  control  combustion  instability  using  both  pas¬ 
sive  and  active  control  techniques  have  also  been  carried  out  in  the  past  (see  Culick,  1989,  for  a 
review).  Passive  control  methods  that  typically  involve  structural  (Le.,  geometrical)  modifications 
have  proven  insufficient  for  controlling  the  low-frequency  instability.  Recent  experimental  studies 
(eg.,  Poinsot  et  aL,  1987;  Langhomc  c,t  aL,  1990;  Schadow  et  aL,  1990;  Gutmark  et  aL,  1990)  suggest 
that  the  use  of  active  control  techniques  may  be  a  more  effective  approach  for  controlling  the  combus¬ 
tion  instability  in  a  ramjet  This  paper  discusses  a  study  of  active  control  techniques  using  large-eddy 
simulations  (LES). 

2.  THE  SIMULATION  MODEL 

The  simulation  model  used  in  this  study  was  developed  through  a  series  of  numerical  experiments 
starting  with  cold  flow  studies  (Menon  and  Jou,  1987,  1990;  Jou  and  Menon,  1987,  1990)  and  cul¬ 
minating  in  the  simulation  of  combustion  instability  (Menon  and  Jou,  1991).  The  equations  solved  in 
this  model  are  die  fun  compressible  Navier-Stokes  equations  formulated  in  an  axisymmetric  coordi¬ 
nate  system.  The  numerical  technique  is  an  unsplit,  second-order-accurate,  finite-volume  scheme 
based  on  MacCormack’s  method  and  is  described  elsewhere  (Menon  and  Jou,  1987,  1990).  The  ram¬ 
jet  combustor  modeled  in  these  studies  consists  of  an  axisymmetric  inlet  duct  connected  to  an  axisym¬ 
metric  dump  combustor  by  a  sudden  expansion.  A  convergent-divergent  nozzl  ‘s  attached  down¬ 
stream  of  the  combustor.  Figure  la  shows  die  typical  ramjet  configuration  used  in  these  studies. 

2.1  The  Numerical  Model 

The  details  of  the  numerical  model  and  die  validation  studies  have  been  described  elsewhere 
(Menon  and  Jou,  1987,  1990;  Jou  and  Menon,  1987,  1990)  and  win  not  be  repeated  here.  However, 
some  pertinent  issues  related  to  the  implementation  of  the  numerical  boundary  conditions  are 
reviewed  here. 
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For  the  spatially  developing  flow  problem  studied  here,  the  inflow  and  outflow  boundaries  are 
computational  boundaries.  The  implementation  of  proper  inflow/outflow  conditions  is  very  important 
to  ensure  that  no  spurious  (numerical)  acoustic  waves  are  generated.  The  ramjet  is  modeled  here  with 
a  convergent-divergent  nozzle  attached  downstream  of  the  combustor,  as  in  a  real  operating  ramjet 
engine.  The  flow  through  this  nozzle  is  choked,  and  die  outflow  at  the  downstream  computational 
boundary  is  supersonic.  Since  at  a  supersonic  outflow  all  characteristic  waves  (ix,  die  acoustic  waves, 
die  entropy  wave,  and  die  vorticity  wave)  are  outgoing,  die  imposed  boundary  conditions  will  not 
alTect  the  interior  flow  field. 

For  the  ramjet  configuration  shown  in  Figure  la,  subsonic  inflow  conditions  are  employed.  These 
inflow  conditions  are  similar  to  the  conditions  used  in  some  of  the  experiments  (e^,  Gutmark  et  al., 
1989).  Numerically,  at  the  subsonic  inflow  three  boundary  conditions  (die  stagnation  pressure,  the 
stagnation  temperature,  and  the  local  flow  inclination)  are  specified  corresponding  to  the  three  incom¬ 
ing  characteristics  (Le,  the  vorticity  wave,  the  entropy  wave,  and  the  right-running  acoustic  wave). 
The  characteristic  variable  carried  by  the  outgoing  acoustic  wave  is  determined  by  solving  the  per¬ 
tinent  decoupled  interior  characteristic  equation.  The  application  of  these  boundary  conditions 
implies  a  certain  ’‘impedance"  condition.  Earlier,  the  characteristics  of  the  current  impedance  condi¬ 
tion  were  examined  by  a  linearized  analysis,  and  the  condition  was  proven  to  be  of  the  damping  type. 
Thus,  pressure  disturbances  reaching  the  inflow  boundary  will  not  be  amplified. 

In  a  realistic  ramjet  combustor,  die  upstream  impedance  condition  is  provided  by  the  inlet  shock, 
which  under  stable  conditions  resides  downstream  of  the  inlet  throat  Thus,  to  simulate  flow  in  a  real¬ 
istic  ramjet  combustor,  the  inlet  nozzle  must  be  included  in  the  computational  domain.  Figure  lb 
shows  a  full  ramjet  configuration  with  a  320x64  grid  distribution  (only  every  other  grid  line  is  shown), 
which  was  used  to  discretize  the  computational  domain.  In  such  a  ramjet  geometry,  die  inflow  is 
supersonic  and  all  characteristics  are  incoming.  Thus,  all  conditions  can  be  specified.  The  supersonic 
inflow  slows  to  a  sonic  condition  (chokes)  at  die  inlet  throat  and  becomes  supersonic  again  for  a  short 
distance  downstream  of  the  throat  Further  downstream,  the  flow  becomes  subsonic  due  to  the  inlet 
shock.  It  has  been  noted  earlier  (e*,  Bogar  and  Sajben,  1979)  that  dm  flow  oscillations  downstream 
of  die  shock  in  die  inlet  difTuser  may  participate  hi  the  flow  oscillations  in  die  combustor.  The  shock 
also  undergoes  longitudinal  oscillations  that  can,  under  some  circumstances,  become  large-amplitude 
oscillations,  resulting  in  the  engine  unstart  phenomenon  described  earlier. 
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The  foil  ramjet  engine  is  currently  being  numerically  modeled  in  a  new  study.  Although  a  detailed 
analysis  of  this  study  win  be  presented  in  the  foture,  some  results  are  shown  in  Figure  2  to  demon¬ 
strate  the  feasibility  of  modeling  realistic  flows  in  the  foil  ramjet  Figure  2a  shows  a  time  sequence  of 
vorticity  contours  during  cold  flow  in  a  foil  ramjet  engine.  Figure  2b  shows  foe  typical  Mach  contours 
in  foe  combustor.  For  this  simulation,  the  shock  undergoes  only  a  small-amplitude  oscillation  about  its 
stable  location  in  the  inlet  diffuser.  Analysis  of  foe  flow  field  indicates  that  foe  boundary  layer  on  the 
inlet  duct  wall  undergoes  unsteady  separation  downstream  of  the  inlet  shock.  This  separated  shear 
layer  rolls  up  into  coherent  vortical  structures,  as  seen  in  Figure  2a.  The  boundary  layer  sometimes 
reattaches  on  foe  inlet  duct  wall  before  finally  separating  at  the  dump  plane.  Downstream  of  the 
dump  plane,  this  separated  shear  layer  also  undergoes  vortex  rollup,  as  seen  in  earlier  cold  flow  stu¬ 
dies  (Menon  and  Jou,  1990).  Complex  vortex  motions  and  merging  processes  are  observed  in  the 
combustor  as  a  consequence  of  foe  boundary  layer  separation  in  foe  inlet  duct  and  the  shear  flow  in 
the  combustor.  Many  of  the  flow  features  observed  during  this  simulation  (and  in  other  simulations 
not  shown  here)  arc  in  good  qualitative  agreement  with  foe  observations  by  Bogar  and  Sajben  (1979). 
Currently,  combustion  is  being  initiated  in  foe  full  ramjet,  and  the  results  will  be  reported  in  the 
future. 

The  results  presented  here  are  for  the  test  configuration  shown  in  Figure  la,  in  which  combustion 
instability  has  already  been  numerically  simulated  (Menon  and  Jou,  1991).  The  active  control  of  the 
instability  will  be  the  focus  of  this  paper. 

2.2  The  Combustion  Model 

To  simulate  combustion  instability,  an  accurate  evaluation  of  the  chemical  heat  release  is  required. 
In  particular,  the  amount  of  heat  release  and  its  time-dependent  spatial  distribution  must  be  accurately 
computed.  In  a  recast  study  (Menem  and  Jou,  199 IX  a  thia-flame  model  (Williams,  19S5;  Kerstein  et 
aL,  19S8)  was  incorporated.  In  this  model,  the  local  turbulent  flame  speed  appears  explicitly  and  is 
determined  as  a  function  of  foe  laminar  flame  speed  wj  and  the  local  subgrid  turbulence  intensity  u 
using  the  renormalization  group  (RNG)  theory  model  of  Yakhot  (1989).  The  effects  of  detailed  chem¬ 
ical  kinetics  are  contained  in  the  laminar  flame  speed,  mid  a  progress  variable  C  k  defined  which  is 
governed  by  the  conservation  equation 

^SF  +  aS?"*7  “  “  |VC|  0> 
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where  u<  represents  the  fluid  velocities,  C  -  1  for  the  fuel  mixture,  and  C  ■  0  for  the  combustion  pro¬ 
duct 

The  turbulent  flame  speed  us  is  given  by  the  RNG  model  as 


The  chemical  heat  release  is  a  function  of  C  and  the  specific  chemical  energy  of  die  fuel  mixture. 
The  chemical  energy  of  the  mixture  is  included  in  the  formulation  by  specifying  the  specific  enthalpy 
A  of  die  mixture  in  die  energy  equation  as  A  ■  C^T  +  hfi.  Here,  A/  is  die  heat  of  formation  of  the 
premixed  fuel,  Cp  is  die  specific  beat  of  the  mixture  at  constant  pressure,  and  7"  is  the  temperature. 
The  heat  of  formation  of  the  fuel  determines  die  amount  of  heat  released  during  combustion  and  thus 
is  a  function  of  the  equivalence  ratio  for  a  given  fueL  The  product  temperature  Tp  can  be  estimated 
for  a  given  heat  of  formation  for  die  fuel  by  die  relation  ht  «  CJLT p  -  TfJ,  where  T/»  is  ^e  fuel 
temperature  at  the  inlet 

Due  to  the  explicit  appearance  of  the  local  flame  speed  in  Equation  (1),  die  amount  of  heat  release 
does  not  depend  on  die  computed  internal  structure  of  die  flame.  Even  when  numerical  diffusion 
broadens  the  flame,  die  flame  speed  is  not  severely  affected.  The  effect  of  numerical  broadening  was 
discussed  earlier  (Menon  and  Jou,  1991),  and  it  was  shown  that  numerical  diffusion  does  not  signifi- 
cantiy  affect  the  dynamics  of  die  flame  propagation.  The  model,  as  currently  implemented,  does  not 
include  flame  broadening  and  flame  extinction  phenomena.  These  effects  will  have  to  be  included 
eventually  to  generalize  the  combustion  model. 

13  The  SufagrM  Model 

In  a  practical  ramjet  device,  die  Reynolds  number  of  die  flow  is  extremely  high.  Large-eddy  simu¬ 
lations  of  such  a  flow  would  require  a  validated  subgrid  model;  however,  subgrid  models  for  compres¬ 
sible  flows  have  just  begun  to  be  investigated  (e*,  Yoshizawa,  19S6;  Speziak  et  aL,  1988).  At 
present,  it  is  not  dear  what  would  be  an  appropriate  subgrid  model  for  flows  such  as  those  in  a  ramjet 
combustor.  It  is,  apparent,  however  diet  to  dose  die  oombustioo  model  described  in  Section  12,  the 
subgrid  turbulence  intensity  must  be  determined.  Therefore,  for  the  present  application,  a  one- 
«Rtka»  modd  for  the  nbgrid  turbulent  kinetic  energy  is  being  investigated;  this  modd  is  an  exten¬ 
sion  of  the  Schumann's  modd  (e*,  Schmidt  and  Schumann,  1989).  With  such  a  model,  die  subgrid 
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turbulence  Intensity  In  Equation  (2)  can  be  directly  computed,  and  the  subgrid  stresses  can  be 
modeled. 

At  present,  this  model  is  still  undergoing  evaluation.  Many  issues  still  need  to  be  resolved;  these 
issues  include,  for  example,  die  type  of  filtering  to  be  used,  die  effect  of  variable  grid  distribution,  the 
near-wall  modifications  to  die  eddy  viscosity  (e*,  PkaneUi  et  aL,  1989),  ami  die  proper  closure  for  the 
Leonard  and  cross  terms  so  that  die  filtered  equations  maintain  Galilean  invariance  (e*  Speziale, 
1985;  Germano,  1990). 

Since  a  validated  subgrid  model  is  currently  unavailable,  all  simulations  carried  out  so  far  were  for 
flows  in  a  moderate  Reynolds  number  range.  This  is  considered  a  first  step  towards  understanding 
the  complex  physical  processes  involved  in  the  ramjet  combustor.  To  model  die  dissipative  effects  of 
die  subgrid  turbulence,  a  constant  eddy-viscosity  model  is  employed.  This  eddy-viscosity  is  chosen  to 
be  die  laminar  dissipative  coefficient  at  the  reference  temperature  and  can  be  viewed  as  a  simple 
subgrid  model,  as  noted  by  Ferziger  and  Leslie  (1979).  A  uniform  value  of  die  subgrid  turbulence 
intensity  is  also  used;  typically,  this  value  is  a  small  percentage  of  the  reference  velocity.  Some  impor¬ 
tant  physical  properties,  such  as  the  spatial  nonuniformity  of  subgrid  turbulence  and  its  effect  on  the 
local  flame  speed  and  the  amount  of  heat  release,  are  not  included  at  present  However,  as  shown  ear¬ 
lier  (Menon  and  Jou,  1991),  the  major  qualitative  interactions  between  the  large-scale  vortex  struc¬ 
tures  and  the  combustion  heat  release  have  been  captured  by  the  present  simulation  model.  The 
effect  of  nonuniform  subgrid  turbulence  on  die  turbulent  flame  speed  and  on  combustion  instability 
will  be  included  once  the  subgrid  model  has  been  fully  implemented. 

3.  SIMULATION  OF  COMBUSTION  INSTABILITY 

The  details  of  die  simulation  of  combustion  instability  in  a  ramjet  combustor  are  described  else¬ 
where  (Menon  and  Jou,  1991).  The  present  focus  is  on  active  control  of  die  numerically  simulated 
combustion  instability.  Before  describing  the  control  studies,  however,  some  important  features  of  the 
computed  instability  are  reviewed  in  this  section. 

In  general,  combustion  instability  in  a  combustor  depends  upon  various  parameters  such  as  die  sys¬ 
tem  geometry,  the  flow  parameters,  the  feel  type,  and  the  equivalence  ratio.  In  die  earlier  study 
(Menon  and  Jou,  1991),  in  addition  to  the  flow  parameters  (e*,  die  Mach  number  hf  and  the  Rey¬ 
nolds  number  Re)  and  the  geometrical  parameters  (e*,  I*  L,  A*JA *;  see  Figure  la),  two  important 
thcnnochcmical  parameters  were  identified.  One  is  «  -  TJT. ,  which  is  the  ratio  of  the  product 
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temperature  T,  to  the  stagnation  temperature  T, ;  die  other  is  o  -  urfu * ,  which  is  the  ratio  of  the 
characteristic  flame  speed  up  to  die  characteristic  reference  velocity  u^.  For  a  fixed  fuel  mixture,  9 
can  be  related  to  die  equivalence  ratio  d,  and  o  can  be  related  to  the  chemical  kinetic  rate  and  the 
level  of  subgrid  turbulence.  The  effects  of  varying  die  geometrical  parameters,  the  ratio  between  the 
inlet  and  throat  areas  (A^A  and  die  thermochemical  parameters  9  and  a  have  been  studied 
(Menon  and  Jou,  1991).  It  was  determined  that  increasing  a,  with  die  other  parameters  held  fixed, 
excites  die  large-amplitude,  low-frequency  pressure  oscillations  typical  of  combustion  instability  in  a 
ramjet  This  instability  was  also  excited  when  die  area  ratio  A*uJA  *  was  increased.  The  area  ratio  is 
increased  by  reducing  the  nozzle  throat  area  A  *.  This  decreases  die  inlet  mass  flow  rate  and  reduces 
the  inlet  mean  flow  velocity  u*>.  Thus,  the  effect  of  increasing  die  area  ratio  can  be  interpreted  as  an 
increase  in  the  effective  thermochemical  parameter  a*  »  ur(u «  o(u^/0-  This  appears  to  indicate 
that  a*  may  be  a  more  general  thermochemical  parameter  than  a. 

Two  simulations  described  in  this  section  showed  two  different  types  of  combustion  instability:  a 
small-amplitude,  high-frequency  combustion  instability  (Type  I)  and  a  large-amplitude,  low-frequency 
combustion  instability  (Type  II).  Both  types  of  instability  have  been  observed  in  various  experimental 
studies  (e.g.  Smith  and  Zukoski,  1985;  Sterling  and  Zukoski,  1987;  Schadow  et  aL,  1987).  Detailed 
analyses  of  these  simulations  have  been  described  elsewhere  (Menon  and  Jou,  1991).  However,  to  put 
the  results  of  the  active  control  studies  into  perspective,  a  brief  description  of  the  pertinent  features  of 
the  combustion  instability  is  given  in  this  section. 

For  all  die  simulations  discussed  in  this  paper,  the  reference  Reynolds  number  and  the  reference 
Mach  number  were  held  fixed  at  Re  ■  10,000  and  M  -  0.32,  respectively,  based  on  the  inlet  duct 
diameter  and  the  reference  velocity  of  «  100  m/sec  A  grid  resolution  of  256x64  was  used  for  all 
die  simulations,  with  the  grid  clustered  in  regions  where  high  gradients  are  present,  such  as  the  boun¬ 
dary  layer  and  the  separated  shear  layer.  For  this  grid  resolution  and  the  chosen  Reynolds  number, 
structures  of  the  order  of  the  boundary  layer  thickness  could  be  resolved  in  die  flow  field  (Menon  and 
Jou,  1990).  The  thermochemical  parameters  9  and  a  were  also  held  fixed  at  9  ■  5  and  a  *  0.05.  For 
9  m  5,  the  product  temperature  T,  was  1500  K.  AH  system  (geometrical)  parameters,  such  as  H,  L* 
and  L,  were  held  fixed  for  both  simulations  except  for  the  area-ratio  parameter  At^/A",  which  was 
increased  from  1.05  for  the  Type  I  instability  simulation  to  1.20  for  the  Type  H  simulation.  This 
results  in  an  increase  in  die  thermochemical  parameter  a*  from  0.042  to  0.048.  In  die  foBowing  sec¬ 
tions,  some  pertinent  features  of  the  Type  I  and  Type  n  combustion  instabilities  are  briefly  described. 
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3.1  Sauril-Aaptttede,  High-Frequency  Instability  (Type  I) 


Id  a  Type  I  combustion  instability,  the  pressure  oscillations  initially  show  a  large-amplitude,  low- 
frequency  oscillation  that  eventually  decays  so  that  a  high-frequency  oscillation  at  around  935  Hz 
dominates  the  pressure  field.  The  peak-to*peak  level  of  die  high-frequency  pressure  fluctuation  is 
around  15  percent  of  the  mean  pressure,  as  shown  in  Figure  3a.  This  level  is  around  three  times  higher 
than  that  observed  in  earlier  cold  flow  studies  (Menon  and  Jou,  1990).  Note  that  although  die  fluctua¬ 
tion  level  is  small,  it  is  by  no  means  insignificant  for  a  realistic  ramjet  combustor  and  may  be  suffi¬ 
cient  to  expel  die  inlet  shock. 

Flow  visualization  shows  that  the  shear  layer  septrating  at  the  rearward-facing  step  rolls  up  into 
vortices;  further  downstream,  these  vortices  undergo  pairing,  as  observed  in  earlier  cold  flow  studies. 
The  flame  front  initially  resides  along  die  high  shear  region  in  the  shear  layer,  and  as  the  vortex 
rollup/pairing  process  occurs,  the  flame  is  entrained  into  die  vortical  structures.  The  typical  flame 
structure  and  vorticity  field  distribution  for  this  simulation  is  shown  in  Figures  3b  and  3c.  For  com¬ 
parison,  an  experimental  visualization  by  Smith  mid  Zukoski  (1985)  of  premixed  combustion  in  a 
two-dimensional  combustor  is  shown  in  Figure  3d.  Both  die  numerical  and  experimental  visualization 
show  qualitatively  similar  vortical  structures  in  the  shear  layer. 

Classical  considerations  using  die  Rayleigh  criterion  have  been  used  in  the  past  (e*,  Sterling  and 
Zukoski,  1987;  Hedge  et  aL,  1987)  to  demonstrate  that  the  unsteady  fluctuations  in  heat  release  should 
be  in-phase  locally  with  die  pressure  fluctuations  for  the  instability  to  occur.  A  local  Rayleigh  param¬ 
eter  R(3?,  /)  is  defined  such  that 


R<X)  -  4/9  (3?,  Op'O?.  0*  (3) 

1  T 

where  T  is  the  time  period  and  q‘(5t,  t)  and  p'(7,  f)  are  the  unsteady  heat  release  term  and  the  pres¬ 
sure  fluctuation,  respectively.  Wien  Jt(7)  is  positive,  local  amplification  of  the  instability  occurs. 
When  Jt(j?)  is  integrated  radially,  one  obtains  R(x\  which  is  die  axial  variation  of  die  Rayleigh 
parameter.  Alternatively,  if  R(j?,  i )  is  integrated  in  both  die  axial  and  radial  directions,  a  volume- 
averaged  parameter  R{t)  is  obtained,  which  represents  die  time-dependent  state  of  the  combustion 
process  in  the  combustor.  If  R(t)  is  farther  integrated  in  time,  a  global  Rayleigh  parameter  R*  is 
obtained. 
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Both  R(x)  and  R(t)  In  the  combustor  were  evaluated  for  this  simulation.  Figure  4a  shows  the 
time-dependent  variation  of  dm  volume-averaged  Rayleigh  parameter  R(t)  normalised  by  R  *  for  two 
cycles  of  die  high-frequency  pressure  fluctuation.  Also  shown  is  the  normalized  pressure  fluctuation 
(Ap/p)  at  the  base  of  the  step  for  this  simulation  period.  This  figure  shows  that  during  die  high- 
frequency  oscillations  there  are  periods  of  time  when  die  combustion  process  is  damped.  If  we 
assume  die  pressure  fluctuation  shown  in  this  figure  is  representative  of  die  volume-averaged  unsteady 
pressure  field  (an  assumption  that  is  strictly  not  valid  since  die  amplitude  and  phase  of  the  high- 
frequency  oscillation  are  not  constant  in  the  combustor),  then  to  obtain  the  observed  variation  in  the 
Rayleigh  parameter,  die  unsteady  heat  release  term  (A?)  should  have  a  variation  as  sketched  in  Figure 
4a.  This  indicates  that  die  unsteady  heat  release  fluctuations  occur  at  a  much  higher  frequency  than 
die  pressure  fluctuation  during  the  Type  I  instability.  Figure  4b  shows  the  axial  variation  of  the  Ray¬ 
leigh  parameter  R(x)/Rm  for  die  time  period  shown  in  Figure  4a.  Although  the  combustion  instability 
is  globally  amplified,  there  are  regions  in  die  combustor  where  it  is  locally  damped.  The  instability 
appears  to  be  strongly  amplified  in  die  diffuser  region  where  die  vortices  in  the  shear  layer  impinge 
on  the  wall  A  similar  amplification  of  the  instability  in  die  vortex  impingement  region  was  observed 
in  experimental  studies  (Sterling  and  Zukoski,  1987). 

3.2  Large-Amplitude,  Low-Frequency  Instability  (Type  II) 

In  a  Type  II  combustion  instability,  the  pressure  fluctuations  show  a  large-amplitude,  low- 
frequency  oscillation  with  peak-to-peak  levels  around  30  percent  of  die  mean  pressure,  as  shown  in 
Figure  5a.  The  oscillation  rapidly  reaches  a  limiting  cycle  and  shows  a  type  of  pressure  signature  that 
is  typical  of  that  observed  during  combustion  instability.  The  flame  propagation,  however,  is  quite 
different  from  that  observed  during  a  Type  I  instability.  A  large  hooked-flame  structure  propagates 
through  die  combustor  at  a  low  frequency,  and  associated  with  this  flame  is  a  large  mushroom-shaped 
vortical  structure.  The  combined  vortex/flame  structure  propagates  through  die  combustor  at  the 
same  low  frequency.  Spectral  analysis  has  shown  that  the  dominant  mode  of  oscillation  is  occurring  at 
a  frequency  of  around  166  Hz.  The  amplitude  and  phase  of  the  pressure  oscillation  at  various  loca¬ 
tions  in  the  combustor  were  nearly  the  same,  indicating  that  this  pressure  oscillatioo  is  similar  to  the 
bulk-mode  oscillation  observed  in  some  experiments. 

A  typical  flame  structure  and  vorticity  contour  field  are  shown  respectively,  in  Figures  5b  and  5c 
For  comparison,  the  experimental  visualisation  of  Smith  and  Zukoski  (1985)  is  shown  in  Figure  5d. 
Further  analysis  was  carried  out  by  Menon  and  Ion  (1991),  and  it  was  shown  that  many 
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characteristics  of  Type  II  combustion  instability,  such  as  the  pressure  and  velocity  fluctuation  levels, 
die  phase  relation  between  the  pressure  and  velocity  fluctuations,  and  various  features  of  die 
vortex/flame  structure  propagation,  qualitatively  agreed  with  experimental  observations. 

The  Rayleigh  criterion  for  this  instability  was  also  computed.  Figure  6a  shows  die  variation  of 
R(t)/R*  and  the  pressure  fluctuation  at  die  dump  plane  for  one  period  of  the  low-frequency  oscilla¬ 
tion.  During  the  Type  n  instability,  die  pressure  amplitude  and  phase  are  nearly  die  same  throughout 
the  combustor,  and  thus  the  pressure  fluctuation  shown  in  Figure  6a  can  be  considered  to  represent 
the  volume-averaged  pressure  field  in  die  combustor.  Figure  6a  shows  that  during  die  low-frequency 
oscillation  there  are  two  time  periods  during  which  die  combustion  process  is  locally  damped.  Again, 
this  is  due  to  a  phase  difference  between  the  pressure  fluctuations  and  die  unsteady  heat  release  term, 
as  shown  in  Figure  6a.  However,  unlike  the  Type  I  instability  case  (Figure  4a),  the  fluctuation  in  the 
heat  release  term  appears  to  be  occurring  at  the  same  low  frequency  as  the  pressure  fluctuation.  The 
spatial  variation  of  the  Rayleigh  parameter,  R(x)/R  *,  is  shown  in  Figure  6b.  As  seen  during  the  Type 
I  instability  (Figure  4b),  the  combustion  process  strongly  drives  the  instability  near  the  vortex 
impingement  region  in  the  diffuser.  Figure  6b  also  shows  that  there  is  a  region  near  the  dump  plane 
where  the  combustion  process  is  locally  damped.  In  contrast,  during  Type  I  instability  (Figure  4b) 
multiple  regions  in  the  combustor  show  local  Humping  of  the  instability. 

4.  ACTIVE  CONTROL  OF  COMBUSTION  INSTABILITY 

Using  the  stored  data  for  these  two  simulations,  a  new  study  was  initiated  to  investigate  techniques 
for  controlling  both  types  of  instabilities.  Experimentally,  various  approaches  are  being  considered. 
In  general,  active  control  strategies  fall  in  three  categories:  control  using  acoustic  feedback  (c^,  Lang 
et  aL,  1987;  Poinsot  et  aL,  1987;  Gutmark  et  aL,  1990;  Schadow  et  aL,  1990);  control  by  unsteady 
modification  of  the  inlet  mass  flow  rate  (e*,  Bloxsidge  et  aL,  1988);  and  control  by  manipulation  of 
the  unsteady  heat  release  in  the  combustor  (e*.  Langhorne  et  aL,  1990).  Each  of  these  methods  has 
shown  promise  in  laboratory  tests.  In  this  paper,  die  focus  of  die  numerical  experiments  is  the  study 
of  active  control  using  acoustic  feedback.  Some  results  of  active  control  using  secondary  fuel  injec¬ 
tion  were  recently  presented  (Menon,  1991). 
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4.1  Acoustic  Feedback  Control 


Active  control  through  acoustic  forcing  was  demonstrated  earlier  by  Lang  et  aL  (1987)  and  Poinsot 
et  aL  (1987).  The  latter  study  showed  that  this  technique  provided  the  capability  of  turning  the  insta¬ 
bility  on  or  off  at  will,  thereby  providing  a  to  study  the  transient  behavior.  It  was  also  shown 

that  the  power  required  for  control  was  quite  small  and  that  control  can  be  achieved  over  a  wide 
range  of  phase  differences.  This  indicates  that  the  control  technique  is  not  an  anti-sound  approach, 
which  would  have  required  a  specific  phase  relation.  Recent  studies  (e&,  Schadow  et  aL,  1990)  have 
further  demonstrated  that  acoustic  feedback  control  of  the  combustion  in  a  dump-combustor  confi¬ 
guration  is  possible. 

A  typical  acoustic  feedback  system  used  in  the  experiments  involves  a  loudspeaker/microphone 
system  in  the  active  control  loop.  In  this  technique,  the  pressure  signal  is  sensed  at  some  chosen  loca¬ 
tion  using  a  microphone  (or  pressure  transducer).  The  signal  is  analyzed,  phase-shifted  (or  time- 
delayed),  amplified,  and  then  fed  back  at  some  other  chosen  location  using  a  loudspeaker  (see  Figure 
la).  Here,  a  similar  technique  has  been  studied  numerically.  To  account  for  the  effect  of  time  delay 
in  the  control  system,  a  control  signal  was  chosen  such  that 

P*'(0  *  (4) 

Pm 

where  the  amplification  parameter  Ca  =  with  At  a  constant  (typically,  At  *=  0.2,  unless  other- 

Pmtt 

wise  specified).  Here,  p  indicates  the  time  mean  value  of  the  pressure,  and  the  prime  indicates 
unsteady  fluctuation.  Also,  the  subscripts  sp  and  mic  denote,  respectively,  die  loudspeaker  and  the 
microphone.  Once  the  acoustic  pressure  is  determined  by  Equation  (4),  the  axial  acoustic  velocity  uv* 
generated  by  this  pressure  fluctuation  at  the  loudspeaker  surface  is  determined  by  using  the  acoustic 
relation  -  pm  /pc.  No  transverse  acoustic  velocity  fluctuations  are  assumed  to  occur  (i.e^ 
vw' m  OX  Here,  pand  c  are  the  unperturbed  mean  density  and  the  speed  of  sound,  respectively.  Once 
p^  and  u9*  are  determined,  the  pressure  and  velocity  boundary  conditions  at  die  speaker  surface 
become  pm  «  p9  +  pm'  and  r,  -  0,  respectively.  The  other  boundary  conditions  at  die 

loudspeaker  surface  are  obtained  by  modeling  the  weaker  surface  as  an  adiabatic,  noocatalytic  sur¬ 
face  (Le*  -  0  and  ^SL  »  0 ,  where  a  is  the  normal  direction).  Typically,  ten  grid  points  along  die 
«n  an 

base  of  the  step  were  used  to  model  the  loudspeaker  surface.  The  parameter  r  is  a  specified  time 
delay  between  the  signal  recorded  by  the  microphone  and  the  control  signal  used  to  drive  the 
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loudspeaker.  In  die  simulations,  die  time  delay  r/T,  where  T  is  die  time  period  of  die  oscillation  ( 
T  m  1.07  msec  for  a  Type  I  oscillation  and  T  "  6.02  nsec  for  a  Type  n  oscillation),  is  specified  prior 
to  initiation  of  the  active  control  The  time  delay  is  chosen  by  analyzing  the  uncontrolled  pressure 
signals  in  the  simulations  computed  earlier,  once  chosen,  die  time  delay  is  held  constant  for  die  entire 
duration  of  the  control  simulation.  The  effects  of  using  different  time  delays  have  been  investigated, 
and  the  results  of  these  simulations  are  discussed  below. 

4.2  Active  Control  of  Type  I  Instability 

During  a  Type  I  instability,  the  pressure  fluctuation  at  the  base  of  the  step  shows  a  peak-to-peak 
level  of  around  15  percent  of  the  mean  pressure,  as  shown  in  Figure  3a.  For  reference,  a  short  time 
interval  of  the  pressure  fluctuation  is  shown  again  in  Figure  7a.  A  control  system  as  shown  in  Figure 
la  and  the  control  law  as  given  by  Equation  (4)  were  chosen  for  the  study.  Cross-correlation  analysis 
of  the  uncontrolled  pressure  fluctuations  at  the  microphone  and  speaker  locations  was  carried  out 
The  result  is  shown  in  Figure  7b.  This  figure  shows  that,  for  r/T  »  0,  the  pressure  fluctuations  at  the 
two  locations  are  nearly  perfectly  negatively  correlated.  This  indicates  that  a  time  delay  close  to  zero 
should  be  effective.  Figure  7c  shows  the  pressure  fluctuations  at  the  base  of  the  step  with  active  con¬ 
trol  using  r/T  =  0.03.  Clearly,  the  controller  is  quite  effective;  within  two  cycles  of  oscillation,  it 
reduces  the  peak-to-peak  pressure  fluctuation  level  from  15  percent  to  less  than  4  percent  of  the  mean 
pressure.  A  4  percent  peak-to-peak  fluctuation  in  this  combustor  is  about  the  same  level  as  seen  dur¬ 
ing  cold  flow  simulations  (Menon  and  Jou,  1990). 

Figure  7d  shows  the  pressure  signal  at  the  dump  plane  with  another  time  delay  of  r/T  =  0.15  used 
for  the  control  The  control  is  quite  effective  in  this  case  as  well  with  the  peak-to-peak  pressure  fluc¬ 
tuation  level  again  decreasing  to  around  4  percent  of  die  mean  pressure.  This  figure  also  shows  the 
effect  of  turning  off  the  control  at  a  later  stage.  The  pressure  fluctuation  quickly  recovers  to  the  levels 
observed  earlier  with  no  control  Note  that  for  r/T  -  0.15,  die  correlation  coefficient  is  still  negative. 
This  suggests  that  for  a  Chosen  time  delay,  if  die  correlation  between  die  pressure  signals  from  die 
microphone  and  loudspeaker  locations  is  negative,  then  the  control  may  be  effective.  This  would 
imply  that  there  may  be  a  range  of  time  delays  for  which  control  of  the  instability  is  possible.  A  simi¬ 
lar  observation  was  made  in  a  recent  experimental  study  (Schadow  et  aL,  1990).  In  their  test  rig,  the 
control  was  most  effective  within  a  specific  phase  range  of  250  to  330  degrees. 
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That  such  an  effectiveness  range  in  terms  of  time  delay  exists  can  be  ascertained  from  the  simula¬ 
tions  by  comparing  the  simulation  shown  in  Figure  7e  with  die  earlier  simulations  (Figures  7c  and  7d). 
Figure  7e  shows  the  pressure  signal  using  active  control  with  A,  ■  1  and  a  time  delay  of  r/T  *=  O.S. 
For  this  chosen  time  delay,  the  correlation  coefficient  is  strongly  positive,  as  can  be  seen  in  Figure  7b. 
It  appears  that  in  this  case  the  control  signal  has  only  a  small  effect  on  the  high-frequency  oscillation, 
and  the  peak-to-peak  fluctuation  level  is  not  reduced. 

The  study  described  above  showed  that  using  a  fixed  time  delay  for  the  control  signal  was  quite 
effective  in  reducing  die  pressure  fluctuation  level,  provided  die  time  delay  was  properly  chosen. 
Cross  correlations  between  die  pressure  fluctuations  at  the  microphone  and  speaker  locations  during 
active  control  were  also  carried  out  for  the  simulations  described  above.  Figures  Sa  and  8b  show  the 
cross  correlation  for  the  simulations  shown  in  Figures  7c  and  7d,  respectively.  For  the  chosen  time 
delays,  r/T  =  0.03  (Figure  8a)  and  r/T  <=0.13  (Figure  8b),  die  correlation  coefficient  remar  i  negative 
during  active  control.  For  the  case  where  control  was  ineffective  wiu  r/T  =  0.3  (Figure  7e),  the 
correlation  coefficient  remains  positive  during  control  'not  shewn). 

Flow  visualization  of  the  flame  propagation  during  c.eU  .  e  control  showed  that  the  flame  structure 
does  not  change  in  any  significant  manner  »rom  the  structure  seen  in  the  uncontrolled  case  (Figure 
3b).  Spectral  analysis  of  the  pressure  fluctuation  in  the  combustor  showed  that  as  the  control  becomes 
effective,  the  dominant  frequency  increases  from  933  Hz  to  around  12  kHz.  When  the  control  is 
turned  off,  the  frequer.  ,  drops  back  to  the  riginal  value. 

la  some  experimental  st.  lies  (eqp,  Schadow  et  aL,  1990;  Wilson  et  aL,  1991),  die  sensor  (micro¬ 
phone)  was  located  approximately  one  step  height  downstream  of  the  dump  plane,  due  to  the  restric¬ 
tions  imposed  by  the  test  rig  configuration.  To  numerically  determine  die  effect  of  sensor  location  on 
the  control  t:  tetiveness,  simulations  were  performed  with  die  sensor  located  one  step  height  down¬ 
stream  of  the  dump  plane  as  in  the  experiments  (location  c.  Figure  la).  Using  cross-correlation  data 
(not  shown  here),  a  time  delay  of  r/T  «  0.3  was  chosen,  for  which  the  correlation  was  negative.  Fig¬ 
ure  9a  shows  the  pressure  signal  for  this  case.  Comparison  with  Figures  7c  and  7d  shows  that,  for  this 
time  delay,  control  of  the  pressure  fluctuation  is  again  achieved,  with  die  peak-to-peak  level  dropping 
to  less  than  3  percent  of  the  mean  pressure.  The  importance  of  a  proper  choice  of  time  delay  is  again 
demonstrated  by  carrying  out  another  simulation  with  a  time  delay  of  r/T  -  0.13,  for  which  die  corre¬ 
lation  coefficient  is  slighdy  positive.  Figure  9b  shows  the  result  of  this  simulation.  Although  the  pres¬ 
sure  fluctuation  level  drops  from  the  13  percent  uncontrolled  level  to  around  3  percent  ,of  the  mean 
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pressure,  comparison  with  Figure  9a  shows  that  for  this  time  delay  the  control  was  less  effective. 

4.3  Active  Coatrol  of  Type  II  Instability 

The  active  control  strategy  employed  for  die  control  of  a  Type  I  instability  was  then  applied  to  a 
Type  n  instability.  A  typical  time  trace  of  the  uncontrolled  pressure  fluctuation  at  die  base  of  the 
step  during  this  instability  is  shown  in  Figure  10a.  Cross  correlation  between  die  pressure  signals 
from  the  dump  plane  and  the  diffuser  location  b  showed  that  a  peak  negative  correlation  occurs 
around  r/T  «=  0.5.  This  is  shown  in  Figure  10b.  Thus,  it  was  expected  that  the  control  signal  using  a 
time  delay  of  r/T  =  0.5  would  be  effective.  Figure  10c  shows  die  pressure  signal  with  the  active  con¬ 
trol  system  turned  on  with  r/T  =  0.5  for  the  same  time  period  as  in  Figure  10a.  It  is  clear  that  the 
control  strategy  was  quite  effective  in  reducing  the  pressure  fluctuation  levels.  In  fact,  the  peak-to- 
peak  level  of  oscillation,  which  was  around  50  percent  of  the  mean  pressure  for  the  uncontrolled  case 
(Figure  10a),  is  now  reduced  to  almost  4  percent  (Figure  10c);  this  level  is  about  die  same  as  that 
achieved  for  the  Type  I  instability.  As  seen  in  the  figure,  the  control  does  take  a  certain  amount  of 
time  (roughly  equivalent  to  two  periods  of  the  low-frequency  oscillation)  to  become  effective.  In 
another  simulation  (not  shown),  the  control  was  turned  on  earlier,  at  around  t  =0.13  msec  (see  Figure 
5a),  to  determine  if  die  controller  is  more  effective  if  the  low-frequency  oscillations  have  not  been 
established.  It  was  determined  (Menon,  1990)  that  in  this  case,  the  peak  pressure  level  reached  in  the 
combustor  is  reduced,  thereby  increasing  the  effectiveness  of  the  control  system.  Increasing  the  gain 
parameter  At  also  reduces  the  overall  time  to  achieve  control,  as  described  in  Menon  (1990).  The 
effect  of  turning  off  the  control  is  illustrated  in  Figure  10d,  which  shows  the  pressure  signal  alter  the 
control  signal  was  turned  ofT  at  the  end  of  the  simulation  shown  in  Figure  10c.  Although  it  takes  a 
finite  amount  of  time,  die  Type  II  instability  does  return. 

Another  simulation  was  carried  out  with  a  time  delay  of  r/T  =  0.03  between  the  sensor  and  con¬ 
trol  signal  In  this  case,  cross  correlation  of  the  original  signals  (Figure  10b)  indicates  a  strong  positive 
correlation.  Figure  lOe  shows  the  pressure  signal  for  this  control  case;  dearly  indicating  that  the  con¬ 
trol  is  quite  poor;  however,  it  is  interesting  to  note  that  die  pressure  fluctuation  level  does  decrease 
slowly.  Also  shown  in  this  figure  is  the  computed  Rayleigh  parameter,  R(t)/R* ,  and  die  projected 
variation  of  the  unsteady  beat  release  term.  The  Rayleigh  parameter  also  decreases  slowly,  indicating 
that  although  the  control  is  poor,  it  has  a  damping  effect  on  the  pressure  oscillation. 


TP-276/02-91 


14 


The  Rayleigh  parameter  for  the  case  when  control  is  effective  (with  r/T  «  0.5)  shows  quite  dif¬ 
ferent  behavior.  The  time  variation  of  die  Rayleigh  parameter  and  the  pressure  fluctuation  at  the 
dump  plane  for  such  a  case  is  shown  in  Figure  lOf.  The  Rayleigh  parameter  indicates  that  the  oscilla¬ 
tion  is  still  being  driven  during  die  early  period  of  die  control;  as  the  control  becomes  effective,  how¬ 
ever,  die  Rayleigh  parameter  becomes  very  small,  indicating  that  die  instability  is  being  damped. 

The  propagation  of  die  vortex/flame  structure  seen  in  the  uncontrolled  case  (Figure  5b)  is  also 
changed  drastically,  with  the  flame  structure  now  taking  a  shape  similar  to  that  observed  during  the 
Type  I  instability  simulation  (Figure  3b).  A  typical  flame  structure  in  the  combustor  during  control  of 
the  Type  n  instability  is  shown  in  Figure  1  la,  corresponding  to  the  time  shown  in  Figure  10c.  When 
the  control  is  turned  off,  the  large-amplitude,  low-frequency  oscillation  reappears  (Figure  lOd)  and  the 
flame  structure  begins  to  return  to  die  large  hooked  shape  seen  in  Figure  5b.  This  is  shown  in  Figure 
1  lb  (corresponding  to  the  time  shown  in  Figure  lOd).  When  control  is  turned  on,  the  vortex  structure 
in  the  shear  layer  changes  from  the  large  structure  seen  during  instability  (Figure  4c)  to  the  relatively 
smaller  vortices  in  the  shear  layer  similar  to  those  shown  in  Figure  3b.  The  vortex  motion  in  die  shear 
layer  with  active  control  is  shown  in  Figure  11c.  Subsequentiy,  when  the  control  is  turned  off,  the 
amalgamation  of  the  vortices  in  the  shear  layer  into  the  large  vortex  reoccurs  as  the  instability  begins 
to  reestablish  in  the  combustor. 

Spectral  analysis  of  the  pressure  fluctuation  in  the  combustor  both  with  and  without  active  control 
(Figures  10c  and  lOd,  respectively)  was  carried  out  When  the  control  is  first  turned  on,  the  dominant 
166  Hz  oscillation  frequency  increases  to  175  Hz,  but  as  the  control  becomes  effective  and  the  pres¬ 
sure  fluctuation  level  drops,  only  a  high-frequency  fluctuation  at  around  1.2  kHz  remains.  This 
increase  in  fluctuation  frequency  during  active  control  is  similar  to  that  observed  during  control  of  the 
Type  I  simulation  described  in  Section  4.2.  When  the  control  is  turned  off,  the  dominant  frequency 
begins  to  decrease  and  die  amplitude  increases  until  finally  only  die  low-frequency,  large-amplitude 
oscillation  remains. 

The  Rayleigh  criteria  in  the  combustor  during  control  sheds  some  light  on  die  effect  of  active  con¬ 
trol  Figures  12a  and  12b  show,  respectively,  die  variation  of  R(t)/R*  and  R(x)/R*  in  the  combustor 
during  active  control  Figure  12a,  which  corresponds  to  a  portion  of  the  simulation  shown  in  Figure 
lOf,  shows  that  with  active  control  there  are  multiple  time  periods  during  the  oscillation  when  the  ins¬ 
tability  is  being  damped.  Figure  12b  shows  that  during  active  control  there  are  multiple  regions  in  die 
combustor  where  die  instability  is  being  locally  damped.  This  behavior  is  similar  to  that  seen  during 
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tiie  Type  I  instability  (Figures  4a  and  4b)  and  quite  different  from  that  seen  during  the  Type  n  insta¬ 
bility  (Figures  6a  and  6b). 

Although  only  a  limited  number  of  simulations  with  and  without  active  control  have  been  per¬ 
formed  so  far,  some  comments  concerning  the  effect  of  active  control  cm  the  pressure  oscillation  can 
be  made  from  the  analysis  of  the  simulation  data.  The  data  show  that  with  active  control  the  large- 
amplitude,  low-frequency  oscillation  seen  during  Type  n  instability  is  completely  suppressed,  and 
only  a  high-frequency  oscillation  around  1.2  kHz  remains.  The  Type  I  oscillation  also  shows  the  same 
frequency  with  control  The  analysis  of  pressure  and  vorticity  spectra  without  control  (see  Menon 
and  Jou,  1991)  for  both  Type  I  and  Type  II  instability  show  that  a  distinct  peak  at  a  frequency  around 
1.2  kHz  is  seen  in  the  vorticity  spectra.  This  suggests  that  this  frequency  is  related  to  the  vortex 
motion  in  the  shear  layer.  Examination  of  the  vorticity  field  in  the  shear  layer  during  control  (see  for 
example  Figure  1 1c)  shows  that  the  large  vortex  structure  seen  during  Type  II  instability  is  now 
replaced  with  smaller  vortices  characteristic  of  vortex  shedding  in  the  shear  layer.  The  large  vortex 
formed  during  the  Type  n  instability  was  shown  (Menon  and  Jou,  1991)  to  be  related  to  the  large 
negative  axial  velocity  fluctuations  (associated  with  the  large  positive  pressure  fluctuations)  occuring 
at  the  step  location.  Due  to  the  negative  velocity  fluctuations,  the  vortex  shedding  mechanism  was 
inhibited  till  the  pressure  fluctuation  becomes  negative  and  the  velocity  fluctuation  becomes  positive. 
Then,  the  entire  seperated  shear  layer  was  forced  into  a  large  vortex.  With  active  control  both  the 
pressure  and  the  velocity  fluctuation  levels  are  reduced  significantly.  The  shear  layer  dynamics  is  no 
longer  inhibited  and  thus,  the  characteristic  vortex  shedding  mechanism  dominates. 

Finally,  h  is  instructive  to  look  at  the  acoustic  power  used  to  drive  the  loudspeaker  during  active 
control  of  the  Type  II  instability.  Figures  13a  and  13b  show  the  acoustic  power  as  a  function  of  time 
for  the  control  simulations  shown  in  Figures  10c  and  10e,  respectively.  Here,  the  acoustic  power  (in 
watts)  is  defined  as 


* 

P  m  Iwjp^'u^'rdr  (5) 

n 

where  rt  and  rt  are  the  radial  dimensions  of  the  loudspeaker.  Note  that  for  the  axisymmetric 
geometry,  the  modeled  loudspeaker  is  actually  a  circular  strip  of  thickness  (ra  -  Figure  13a  shows 
that,  initially,  the  loudspeaker  is  driven  at  a  high  power  level  but  as  the  control  becomes  effective,  the 
power  level  also  drops  off.  Figure  13b  shows  that,  for  the  case  where  the  control  is  less  effective,  the 
power  level  is  quite  high  for  a  longer  period  of  time.  However,  it  is  interesting  to  note  that  as  the 
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control  slowly  becomes  effective  (see  Figure  lOe)  the  power  level  also  begins  to  drop  off.  These  data 
indicate  that  for  effective  control  of  the  Type  n  instability,  a  large  power  level  is  required  only  for  a 
short  time  initially,  and  as  the  control  becomes  effective,  the  overall  power  required  becomes  quite 
low.  The  acoustic  power  required  to  drive  the  loudspeaker  during  control  of  the  Type  I  instability 
(not  shown  here)  is  much  lower  (by  an  order  of  magnitude)  when  compared  to  the  power  require¬ 
ments  for  die  Type  n  control.  Thus,  the  power  requirement  for  controlling  the  Type  I  instability 
remains  quite  low  at  all  times.  This  computed  low-power  requirement  for  achieving  control  is  in  qual¬ 
itative  agreement  with  the  experimental  results  of  Poinsot  et  aL  (1987). 

S.  CONCLUSIONS 

A  large-eddy  simulation  model  has  been  developed  that  contains  the  essential  physics  of  combus¬ 
tion  instability  such  as  the  acoustic  wave  motion,  the  interactions  between  the  large  eddies,  and 
combustion  and  unsteady  heat  release  during  premixed  fuel  combustion  in  a  ramjet  The  combustion 
model  used  for  the  simulations  explicitly  incorporates  the  local  turbulent  flame  speed  and  avoids  the 
erroneous  numerical  heat  release  that  would  occur  in  a  finite-rate  chemistry  model,  while  attempting 
to  resolve  the  internal  structure  of  the  flame.  Two  types  of  combustion  instability  have  been  identi¬ 
fied  from  the  simulation  results:  a  small-amplitude,  high-frequency  instability  and  a  large-amplitude, 
low-frequency  instability.  Both  types  of  instability  have  been  experimentally  observed,  and  many  of 
the  qualitative  features  of  the  numerically  computed  instabilities  are  in  good  agreement  with  the 
experimental  observations. 

The  data  stored  during  the  simulations  were  then  utilized  to  study  closed-loop  techniques  to  con¬ 
trol  the  unstable  pressure  oscillations.  The  first  phase  of  this  study  involved  the  application  of  acous¬ 
tic  feedback  control  techniques.  It  has  been  demonstrated  here  that  active  control  of  both  types  of 
instability  can  be  accomplished  by  such  a  technique.  Furthermore,  it  was  shown  that  the  instabilities 
could  be  turned  on  and  off.  This  capability  can  be  used  to  study  and  understand  the  transient  process 
prior  to  the  growth  of  the  instability.  Both  the  control  and  recovery  of  the  Type  II  instability  take  a 
relatively  longer  time  period  than  the  Type  I  instability. 

The  effect  of  varying  the  time  delay  between  the  sensor  and  control  signals  was  also  studied,  and  it 
was  shown  that  control  is  possible  for  different  choices  of  the  time  delay.  This  dearly  demonstrates 
that  active  control  is  not  an  anti-sound  approach,  which  would  have  required  a  specific  phase  relation. 
This  finding  is  in  qualitative  agreement  with  experimental  observations.  The  results  obtained  so  far 
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also  suggests  that  cross-correlation  analysis  of  the  signals  from  the  sensor  and  die  driver  (loudspeaker) 
locations  could  he  utilized  to  devise  an  effective  control  signal.  Note,  however,  that  in  die  present 
study  a  constant  time  delay  was  used  for  the  control  signal.  This  approach  sms  found  to  be  effective, 
since  for  the  Reynolds  number  simulated  here,  the  original  uncontrolled  flow  field  had  a  single  dom¬ 
inant  frequency  during  both  Type  I  and  Type  II  instability.  In  a  realistic  combustor,  the  flow  field 
will  be  highly  turbulent  and  die  pressure  spectra  could  contain  multiple  distinct  frequencies.  In  such 
a  case,  a  constant  time  delay  controller  may  not  be  effective,  and  a  more  complex  control  signal  will 
be  required.  For  example,  die  controller  may  require  a  dynamically  changing  time  delay  to  respond  to 
the  changes  in  the  flow  field  during  active  control  High  Reynolds  number  flows  will  be  simulated  in 
the  near  future  once  the  subgrid  model  has  been  fully  implemented.  More  complex  controllers  can 
then  be  investigated. 

It  was  also  shown  in  this  study  that  the  acoustic  power  required  to  drive  die  loudspeaker  is  high 
for  only  a  short  initial  period;  as  die  control  becomes  effective,  die  power  requirement  becomes  quite 
low.  Again,  this  finding  agrees  with  earlier  experimental  observations  (e^,  Poinsot  et  aL,  1987). 
Although  these  results  appear  to  suggest  the  potential  of  using  acoustic  feedback  control  in  a  practical 
combustor,  such  a  system  still  needs  to  be  demonstrated,  especially  experimentally.  Realistic  combus¬ 
tors,  which  typically  operate  in  the  megawatt  range,  are  extremely  hot  and  noisy  environments. 
Acoustic  drivers  that  can  survive  such  a  hostile  environment  and  deliver  high  power  output  may  not 
exist  Therefore,  to  develop  controllers  for  practical  combustors,  another  approach  to  control  die 
combustion  instability  is  currently  being  explored.  This  technique  uses  secondary  fiiel  injection,  both 
steady  and  unsteady  (c^,  Langhorne  et  aL,  1990);  results  obtained  so  far  suggest  this  approach  may  be 
more  practical  for  realistic  combustors.  Some  results  of  numerical  simulations  using  steady  and  pulsed 
secondary  fuel  injection  were  recently  reported  (Menon,  1991).  Further  investigation  of  this  type  of 
controller  is  currently  being  carried  out  and  win  be  reported  in  die  future. 
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FIGURE  CAPTIONS 


FIGURE  1  The  axisymmetric  ramjet  configuration;  (a)  the  ramjet  geometry  without  the  inlet 
nozzle  and  the  active  control  system,  (b)  the  full  ramjet  geometry  with  a  320  x  64  grid 
distribution. 

FIGURE  2  Typical  cold  flow  field  in  a  full  ramjet  engine;  (a)  time  sequence  of  vorticity 
contours,  (b)  mach  contours. 

FIGURE  3  Typical  flow  features  observed  during  Type  I  instability;  (a)  pressure  fluctuation  at 
the  base  of  the  step,  (b)  flame  structure,  (c)  vorticity  field,  (d)  experimental.  (Smith  and 
Zukoski,  1983) 

FIGURE  4  Rayleigh  criteria  in  the  combustor  for  a  Type  I  instability;  (a)  temporal  variation  of 
R(<),  (b)  spatial  variation  of  R(x). 

FIGURE  3  Typical  flow  features  observed  during  Type  I  instability;  (a)  pressure  fluctuation  at 
the  base  of  the  step,  (b)  flame  structure,  (c)  vorticity  field,  (d)  experimental.  (Smith  and 
Zukoski,  1983) 

FIGURE  6  Rayleigh  criteria  in  the  combustor  for  Type  II  instability;  (a)  temporal  variation  of 
R(t),  (b)  spatial  variation  of  R(x). 

FIGURE  7  The  effect  of  active  control  on  the  Type  I  instability,  sensor  at  location  b;  (a) 
control  OFF;  reference  signal,  (b)  correlation  between  the  pressure  signals  at  the  speaker  and 
microphone  locations  (control  OFF),  (c)  control  ON  with  r/T  -  0.03,  (d)  control  ON/OFF  with 
r/T  -  0.13,  (e)  control  ON  with  r/T  -  0.5. 

FIGURE  t  Correlation  between  the  pressure  signals  at  the  speaker  and  microphone  locations 
during  active  control;  (a)  r/T  -  0.03,  (b)  r/T  -  0.13. 
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FIGURE  9  The  effect  of  active  control  on  the  Type  I  instability,  sensor  at  location  c;  (a) 
control  ON  with  r/T  -  0.30,  (b)  control  ON  with  r/T  -  0.1S. 

FIGURE  10  The  effect  of  active  control  on  the  Type  n  instability;  (a)  control  OFF,  reference 
signal,  (b)  correlation  between  pressure  signals  at  the  speaker  and  microphone  locations  (control 
OFF),  (c)  control  ON  with  r/T  -  0.5,  (d)  control  OFF,  after  control  ON  in  Figure  10c,  (e) 
control  ON  with  r/T  ■  0.03,  (f)  control  ON  with  r/T  -  0.5. 

FIGURE  1 1  Typical  flame  and  vortex  structure  during  active  control  of  Type  II  instability;  (a) 
flame,  control  ON  with  r/T  -  0.5,  (b)  flame,  control  OFF,  (c)  vorticity,  control  ON. 

FIGURE  12  Rayleigh  criteria  in  the  combustor  during  control  of  a  Type  II  instability;  (a) 
temporal  variation  of  R(/),  (b)  spatial  variation  of  R(x). 

FIGURE  13  Acoustic  power  of  the  loudspeaker  during  active  control  of  Type  II  instability;  (a) 
control  ON  with  r/T  -  0.5,  (b)  control  ON  with  r/T  *  0.03. 
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(•) 


<b) 


FIGURE  t  The  axbymmetrk  ramjet  configuration;  (a)  the  ramjet  geometry  without  the  inlet 
■oak  and  die  active  control  system,  (b)  the  full  ramjet  geometry  with  a  320  x  64  grid 
distribution. 
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FIGURE  2  Typical  cold  flow  field  in  a  full  ramjet  engine;  (a)  time  aequence  of  vorticity 
contours,  (b)  mach  contours. 


FIGURE  3  Typical  flow  features  observed  durinf  Type  I  instability;  (a)  pressure  fluctuation  at 
the  base  of  the  step,  (b)  flame  structure,  (c)  vorticity  field,  (d)  experimental.  (Smith  and 
Zakoski,  1915) 
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FIGURE  4  Rayleigh  criteria  in  the  combustor  for  a  Type  I  instability;  (a)  temporal  variation  of 
R(r),  (b)  spatial  variation  of  R(x). 


FIGURE  5  Typical  flow  feature*  observed  during  Type  I  instability;  (a)  pressure  fluctuation  at 
tbe  base  of  the  step,  (b)  flame  structure,  (c)  vorticity  field,  (d)  experimental.  (Smith  and 
Zukoski,  IMS) 


FIGURE  6  Rayleigh  criteria  in  the  combustor  for  Type  n  instability;  (a)  temporal  variation  of 
R(f),  (b)  spatial  variation  of  R(x). 
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FIGURE  7  The  effect  of  active  control  on  the  Type  I  instability,  sensor  at  location  b;  (a) 
control  OFF;  reference  signal,  (b)  correlation  between  the  pressure  signals  at  the  speaker  and 
microphone  locations  (control  OFF),  (c)  control  ON  with  r/T  *  0.03,  (d)  control  ON/OFF  with 
r/T  -  0.15,  (e)  control  ON  with  r/T  -  0.5. 
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FIGURE  7  The  effect  of  active  coo  trot  on  die  Type  I  instability,  sensor  at  location  b  (Corn.); 
(c)  control  ON  with  r/T  -  0.03,  (d)  control  ON/OFF  with  r/T  -  0.1S. 
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FIGURE  9  The  effect  of  active  coatrol  oo  the  Type  I  Stability,  eeaeor  at  location  c;  (a) 
control  ON  with  f/T  •  0J0,  (b)  coatrol  ON  with  r/T  ■  O.IS. 
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nOURE  10  The  effect  of  active  control  on  the  Type  0  instability,  (a)  control  OFF,  reference 
atgaal,  (b)  correlation  between  pressure  signals  at  the  speaker  and  microphone  locations  (control 
OFF),  (c)  control  ON  with  r/T  ■  0.3,  (d)  control  OFF,  after  control  ON  in  Figure  10c,  (e) 
control  ON  with  r/T  -  0.03,  (f)  control  ON  with  r/T-OJ. 
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FIGURE  13  Acoustic  power  of  the  loudspeaker  during  active  control  of  Type  n  instability;  (a) 
control  ON  with  r/T  -  0.5,  (b)  control  ON  with  r/T  -  0.03. 
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ABSTRACT 

Combustion  tnetshiltty  in  a  ramjet  combustor  baa  baan 
numerically  sfcnulatod  urine  a  large-eddy  rimulation  (LES) 
technique.  Prembeed  combustion  in  tba  combuator  ia  simu¬ 
lated  using  a  tbin-flama  modal  that  explicitly  datarminaa  tba 
turbulant  Hama  tptad  a a  a  function  of  tba  laminar  flame 
apaad  and  subgrid  turbulent  kinetic  energy.  Two  different 
inlet  duct  length,  a  abort  inlet  and  a  long  bilat  configurations 
ware  modeled.  Low  frequency,  large  amplitude  pressure 
oscillations  characteristic  of  combustion  instability  ia  simu¬ 
lated  in  both  the  configurations.  Active  control  using  secon¬ 
dary  fuel  injection  upetream  of  the  flame  holder  employing 
different  typee  of  control  algorithms  have  been  investigated. 
Results  show  that  control  of  the  instability  can  be  success¬ 
fully  achieved  in  tome  cases,  while  in  other  caste,  the  control 
algorithm  ia  only  partially  effective. 

L  INTRODUCTION 

Combustion  instability  in  a  ramjet  engine  is  an  extremely 
complex  phenomenon  involving  nonlinear  interactions  among 
acoustic  waves,  vortex  motion  and  unsteady  heat  release. 
Typically,  the  instability  manifests  itself  as  a  large-amplitude 
pressure  oscillation  in  the  low-frequency  range  (100-800  Hs) 
and  it  very  difficult  to  control.  Whan  the  amplitude  of  the 
pressure  oscillation  reaches  earns  critical  limit,  it  can  cause 
structural  damage  due  to  fatigue  or  can  cause  an  engine 
"unstart,'  which  occurs  when  the  shock  in  the  inlet  duct  is 
expelled  to  form  a  bow  shock  ahead  of  the  inlet.  This 
phenomenon  of  engine  unstart  is  one  of  the  most  serious 
technical  problems  encountered  in  developing  an  operational 
ramjet  engine. 

In  recent  years,  both  experimental  (eg.,  Schadow  at  al., 
IMS',  Smith  and  Eukoeki,  IMS;  Hedge  at  al.,  1M7)  and 
numerical  (eg., Menon  and  Jou,  1990,  1991;  Jou  and  Manon, 
1990)  investigations  have  been  conducted  to  determine  the 
mechanism  of  the  combustion  instability.  Attempts  to  control 
combustion  instability  using  both  passive  and  active  control 
techniques  have  also  baan  carried  out  in  the  pari  (Culick, 
1989).  Passive  control  methods  that  typically  involve  struc¬ 
tural  (i.s., geometrical)  modifications  have  proven  innifflciant 
for  controlling  tba  lom-fraquency  instability.  Recant  experi¬ 
mental  studies  (eg.,  Langhorne  and  Hooper,  1M9;  Schadow 
at  al.,  1990;  Outmark  at  al.,  1990)  wggari  that  active  control 
techniques  may  ha  more  effective  in  controlling  the  combus¬ 
tion  instability  in  a  ramjet.  Ia  parallel  to  the  experimental 
studies,  a  numerical  study  of  active  control  methods  is  alao 
bring  carried  out.  Earlier,  the  result  of  msnarieal  rind  lea  of 
active  control  wring  acoustic  feedback  techniques  waa 
reported  (Manon,  1990,  1991)  and  it  waa  shown  that 


combustion  instability  can  be  successfully  controlled  using 
such  techniques  provided  certain  feedback  criteria  are  satis¬ 
fied.  Although,  tba  results  are  fas  good  agreement  with  exper¬ 
imental  observations,  it  ia  wall  known  that  fas  realistic  ramjet 
comb) irion,  acoustic  feedback  control  uring  loudspeakers  as 
the  controller  may  not  be  practical  due  to  the  prevailant  hos¬ 
tile  (hot)  environment  fas  the  combuator.  This  paper 
describee  a  mxnerical  study  of  another  type  of  active  control 
technique  which  uaee  secondary  injection  of  the  premixed 
fuel  aa  the  controller.  Such  a  technique  has  been  shown 
experimentally  to  be  a  more  practical  and  effective  control 
system  (eg., Langhorne  and  Hooper,  1989) 

1.  THE  SIMULATION  MODEL 

The  simulation  modal  used  in  this  study  was  developed 
through  a  series  of  numerical  experiments  starting  with  cold 
flow  studiss  (Manon  and  Jou,  1M7,  1990;  Jou  and  Menon, 
1987,  1990)  and  culminating  in  the  simulation  of  combustion 
instability  (Manon  and  Jou,  1991).  The  aquations  at*  the  full 
compressible  Navier-Stokee  equations  formulated  in  the 
axfrymmetric  coordinate  system.  The  original  numerical 
technique  is  an  umplit  sacond-ordar-accurate,  finite-volume 
scheme  baaed  on  MacCarmack’e  method;  it  has  been 
described  elsewhere  (Menon  and  Jou,  1987,  1990).  In  the 
present  study,  a  fourth-order-accurate  qafel  differencing 
scheme  (Beylis  st  al.,  IMS)  has  been  used  for  most  of  the 
simulations.  The  modeled  ramjet  combuator  consists  of  an 
axisymmetric  inlet  duct  connected  to  an  axieymmetric  dump 
combustor  by  a  sudden  expansion.  A  convergent-divergent 
nossla  is  attached  downstream  of  the  combustor.  Figure  1 
shows  the  typical  ramjet  configuration  used  hi  these  studies. 
TVo  different  inlet  duct  lengths  wars  used  in  the  present 
study:  a  short  inlet  with  LJB  =  6.S  and  a  long  inlet  with 
LjB  =  11.4,  whan  B  is  the  step  height.  The  long  inlet  duct 
configuration  it  similar  to  an  experimental  test  rig  currently 
being  used  (or  active  control  studies  at  the  Naval  Weapons 
Center,  China  Lake  (eg. .Schadow,  at  al,  1990).  Experiments 
have  suggested  that  with  a  long  inlet  duct,  the  Inlet  duct 
acoustics  plays  a  major  role  in  the  determining  the  dominant 
frequency  of  the  combustion  instability.  As  shown  below, 
such  an  obsarvaUun  can  also  bo  mads  from  the  results  of  the 
long  inlet  simulations. 

Far  the  qpathUy  developing  flow  problem  studied  here, 
the  hnplniiintillun  of  proper  inflow/outfiow  conditions  is 
very  Important  to  ensure  that  wo  murioua  (numerical)  acous¬ 
tic  waves  are  generated.  In  the  enrswt  modal,  a  convergent- 
divergent  noaria  ia  attached  downriraam  of  tba  combuator. 
This  is  similar  to  a  real  operating  ramjet  configuration.  Tba 
flow  through  this  woarie  Is  choked,  awd  the  outflow  at  the 
downriraam  aonoputatioori  boundary  is  supersonic.  Since  at 
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•  supers onk  outflow  all  clanrtoWc  VIVH  (L tbo  acous¬ 
tic  nvM,  tho  entropy  wa  and  Am  vortkky  «m)  wo  oat- 
going,  tit*  fapoud  boundary  conditions  will  not  aSact  tho 
Interior  flow  Add. 

In  Am  present  otudy ,  tho  inlot  noaalo  typical  of  a  ramjet 
angina  ia  not  Included  aa  a  part  of  tha  ccapitatloaal  domain. 
Tina,  ft  inflow  conditions  rimfffr  to  Ibon  in  >oga 

experiments  (Schadow  at  al.,  1990)  an  uaad  at  tho  inlet. 
Three  boundary  conditions:  tha  stagnation  praaoura,  tha  dag- 
nation  temperature  and  the  flow  bvlination  an  wsclfkd 
naanyondlng  to  tha  thna  blooming  characteristics  (La.,  tha 
vcatkity  wave,  tha  anhopy  wave  and  Am  right-running 
acouotk  woto).  Tha  charmetarktk  variable  earriad  by  tha 
left-running  acouotk  araro  b  datawdnad  by  sotvtag  tha  per- 
tbMUt  charactariotk  aquation.  Tha  application  of  tfaaaa  boun¬ 
dary  cooditiono  bnpliaa  a  cartain  "impedance*  condition. 
Eaiikr,  thft  bthivkif  of  thki  fiDopodftnco  cooditioo  vm  cxtnv- 
inad  by  using  a  Unaarkad  analyris,  and  tha  condition  arao 
proven  to  ha  of  tha  damping  typo.  Thuo,  pwaai  diatur- 
bancoo  roaching  tha  inflow  boundary  wiU  not  gat  amplified. 

Tho  upatnam  boundary  cooditiono  for  tha  flow  in  tha 
combuator  can  bo  specified  comedy  if  tha  blot  noaalo  k 
included  in  tho  computational  domain.  In  ouch  a  caao,  tha 
inflow  k  aloo  supersonic  and  tha  flow  chofcaa  at  tha  blot 
throat  and  than  oubaoquontiy  bacomoo  oubaonic  duo  to  tha 
inlot  shock  that  rssidss  undor  otablo  cooditiono  b  tbo  divor- 
gont  part  of  tha  blot  noaala.  Tha  upatnam  condition  for  the 
flow  b  tha  combuotor  k  than  pacified  by  tha  condition  just 
downstream  of  tho  blot  shock.  Simulations  including  tho 
blot  noaalo  b  tha  computational  domain  waa  earriad  out  ear¬ 
lier  (Menon,  1991a)  and  it  waa  ah  own  that  tha  shock  under¬ 
goes  longitudinal  oor illations  b  response  to  tha  upatnam  pro¬ 
pagating  acouotk  wans  from  tha  combuotor  and  noulta  in 
tha  unstssdy  separation  of  tha  inlet  duct  trail  boundary  laysr. 
This  separated  shear  layer  rolls  up  into  coherent  vortices 
within  the  blot  duct  itself  and  tide  vortex  train  tatmeta  with 
tha  vorticks  baing  shed  at  tha  dump  plana.  Many  of  tha 
observed  features  of  tha  flow  field  wan  fa  good  qualitative 
agreement  with  tha  experimental  obeervetione  (eg.,  Bogar 
and  Sajben,  1979). 

Although,  combustion  instability  has  been  simulated  in  the 
full  ramjet  engine,  active  control  studies  have  not  yet  been 
carried  out  b  such  configurations,  since,  it  k  first  naccesaary 
to  ensure  that  the  simulated  control  techniques  work  in  confi¬ 
gurations  that  an  being  studied  experimentally.  Therefore, 
all  active  control  atudke  dkrnaead  b  this  paper  an  baing 
carried  out  using  the  configuration  ibown  ta  Figure  1. 

In  coataMtioa,  tha  — of  lMftl  nUftN  ptr 

unit  ana  of  flame  k  determined  by  tha  local  flame  paid  and 
by  tha  apedfie  chemical  energy  available  fa  the  fuel.  If  a 
finfeftfftte  chwnkftl  uMchulfts  for  pioolnd  ftombtMlkMi  It 
employed  b  an  LBS,  tha  numerical  timiikllim  must  impli¬ 
citly  compute  tha  beat  flame  ^ead.  Unfortunately,  tide  k 
difficult  to  achhrve  ta  practice.  The  flame  ^aod  depends 
upon  tbo  lihajpailrin  mechaahm  and  thanfere,  tha  btaraal 
structure  of  the  flame  aheet.  Biciuaa  the  msnbar  of  grid 
pobta  are  limited  Jp  LBS,  tha  flams  beet  cannot  ha  rearived 
adequately.  Also,  all  numarkal  achamaa  bvolva  some  facia 
of  artificial  dkkpatkn,  aithar  explicitly  added  to  (tabaka 
the  computations  or  knphdtly  peasant  due  to  tho  diffrrancbg 
algorithm.  Aa  a  nmlt,  tha  tomputid  flmna  atruetwa  wUl  be 
manmkally  diffused  and  tha  temporal-spatial  distribution  of 
tha  beat  raise  as  could  bo  u>  ■■helmed  by  numwkal  dJCTo- 
koo. 

Tha  prnhimna  associated  with  empioytag  a  classical 
Arifs  rate  modal  can  ha  drewnvanted  by  ndng  a  Me  jfonvs 


modal  In  tide  approach,  the  flame  thirknma  k  couriered 
email  compand  to  tho  naaUaat  turhulant  length  scale  (Le.,the 
Kolmogorov  scale),  and  if  tha  changaa  b  the  reaction- 
dtffirion  kructur*  due  to  tmbulent  straining  an  also  moall, 
then  tha  rtaction  aone  can  be  cotnkkrad  to  be  asymptoti¬ 
cally  thin.  Withta  tha  thb  flam*  approximation,  a  modal 
•qusftloD  too  pnofaud  corixM&oa  is  rnmidtrid  In  which  the 
local  flame  apaad  explicitly  appears.  If  tha  local  flame  speed 
ay  k  blown,  a  program  variable  O  can  be  defined  that  k 
governed  by  the  aquation  (Kwatiln  at  al.,  1999;  Menon  and 
Jou,  1991): 

|V«|  (1) 

where  y  k  tha  density  and  %  k  tha  fluid  velocity.  Equation 
(1)  daacribaa  tha  convection  of  tho  flams  by  tha  local  fluid 
velocity  and  the  flame  propagation  into  the  unburat  ndxtun 
through  a  Huygens  type  mechanism,  ay|VC|.  Han,  by 
definition,  <7  *  1  eomupoods  to  tin  pcemtxed  fuel  stats, 
G«=  0  comaponds  to  the  fully  bunt  state  and  the  flame  k 
faceted  at  a  prescribed  0=0,  leva!  surface,  when,  0<C,<1. 
for  laminar  premixed  coenbuation,  the  local  flame  speed  ay  k 
the  laminar  flame  speed  >(  which  cositaina  the  information 
on  tha  chemical  Mn  stirs  and  the  molecular  dissipation.  When 
Equation  (1)  k  applied  to  turbulent  flows,  the  local  flame 
Speed  Uy  k  taken  to  bo  tha  local  twbulent  flame  speed  ar, 
whan  «r  k  a  pteacribed  function  of  local  turbulence  inten¬ 
sity  •'  and  tha  laminar  llama  apaad  SL  (ban  treated  aa  a  con¬ 
stant  chemical  property,  though  b  reality  it  k  sensitive  to  the 
strata  field  effecting  tha  llama).  Tha  hnplamantetion  of  the 
thb  flame  modal  aa  a  part  of  tha  LES  transport  equation* 
therefore  explicitly  requires  the  specification  of  the  subgrid 
turbulent  kinetic  energy  to  determine  the  turbulent  flam* 
speed.  Thb  k  accomplished  b  the  present  study  by  expli¬ 
citly  computing  tho  subgrid  turbulent  kinetic  energy  a* 
described  fa  Section  3.3. 

The  next  fans*  that  must  be  addressed  k  the  determina¬ 
tion  of  the  functional  relation:  >y  =  •Asi,*’)-  It  appears 
that  a  general  functional  relationship  between  the  turbulent 
flam*  speed,  the  laminar  flam*  speed  and  the  turbulence 
intensity  which  k  valid  for  all  types  of  fuel  and  flow  condi¬ 
tions  k  difficult  to  develop  (K (retain  and  Aehurst,  1993). 
Yakhot  (1988)  used  renormalisation  theory  to  develop  a  rela¬ 
tion  of  tha  form  Uy/Sg  =  *xp(«’a/»j-J)  which  was  shown  to 
roduea  to  tha  linear  scaling,  sr/f(  a*  (1  +  n'/Si)  b  tha 
high  •’/Si  limit,  and  to  tho  Clavin-WOliam*  relation 
•t/Si  M  (1  +  (a ’/Sif),  where  y  =  3  b  tha  low  s'/fj 
limit.  Be  also  showed  that,  at  least  for  high  •’/  8t  cases,  thb 
■xpcaaalnn  shows  good  agreement  with  experimental  date. 
However,  recently,  Karsteb  and  Aahurat  (1993)  showed  that 
for  lew  •’/Si,  tho  Cfasvb-WQUama  expression  maybe 
incorrect  and  proposed  a  acaUng  with  y  *  4/S.  In  the 
present  study,  both  Yakhot’s  expression  and  the  mere  simpli¬ 
fied  epproodmation*  (tin ear  scaling,  La.,  y  v  1  for  %/Sl  >  1 
and  the  modiflad  Cksrin-WOlkms  raktiosi.  L*.,  y  -  4/3  for 
•’/Si  <  1)  ware  toveatigatad.  Yakbofs  relation  b  a  non¬ 
linear  aquation  that  raquhee  hsration  at  ovary  grid  print  and 
at  every  time  step  to  dkarmbs  tbs  twbufcmt  llama  weed. 
Thk  b  computationally  very  uqpanafv*  and  tbarefora,  to 
reduce  computational  effort,  an  approach  b  being  hrqils 
masked  b  which  a  I ask  —  ap  table  of  sre  af (Si,  o')  k  flrk 
geoaratad  and  than  the  twbulant  flame  meed  k  datarmtaad 
by  using  bilarpalkHoii  routines  Hoesevar,  afaca  tide 
approach  k  atiU  under  development,  b  thk  study,  the  mar* 
simpler  rabtiock  daaerfhad  above  hove  hoan  mad  to  dria^ 
■ofaft  tbi  tnbolcok  (IftBM  tp—d. 

In  addition  to  the  spodfleation  of  tha  tmhuknt  flame 
m**d,  the  affect  of  hoot  relearn  muk  be  included  to  couple 
the  affect  of  comhukfam  with  tho  hags  seals  transport.  Tha 
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chnlnl  — p  of  the  mixture  b  Included  in  the  formulation 
b y  apedflftog  the  yetfk  enthalpy  ft  of  the  mtotwe  in  Um 
MV  eqMtion  aob-  C,T+ MfB(0-G.).  Hera,  ft,  b  the 
hast  of  fam—tiou  of  kh*  preen  txed  fad,  OLh  the  Medfic  boot 
of  tho  nbta*  at  ooMtoat  pw—w,  tad  Tit  tbo  t— op— stun. 
Abo,  H(s)  b  oa  Raavyride  function  that  b  and  to  dotor- 
mtoo  tbo  location  of  tbo  flaato.  Bata,  tha  Bsavytide  function 
b  defined  aucb  that  B[m)  -  l  when  a  -  0  aad  aaro  ebe- 
wbara.  Tbo  boat  of  farms lion  of  tbo  fttal  datowdaao  tbo 
amouat  of  boat  islaaaad  during  combustion  and  tbua  b  a 
ftmctioo  of  Bm  equivalence  ratio  for  a  given  fttal.  Tba  pro* 
duct  temperature  3^  caa  bo  aatbaatod  far  a  ghran  boat  of  for¬ 
mation  by  A*  rotation  b/  —  0,{Tt  -  T/,),  arbors  Tf,  ia  tha 
fttal  temperature  at  tha  fadat.  In  tba  dmniationa,  tba  combue- 
tioo  product  tamjiaratura  b  Initially  q—dfied,  and  tha  bast  of 
formation  b  datanntnad  bean  tba  abova  not  ad  rxpraaainn  for 

V 

If  tba  Haavyaide  function,  JT(G  —  G,)  b  uaad  in  tho  atatic 
enthalpy  axprsation  to  identify  a  lord  aurfaca  G  *  G,  aa  tha 
flan—  location,  it  raaulta  in  an  infinitely  thin  Stan  arhararar 
tha  G  —  G,  lard  aurfaca  exbta,  with  tba  Am!  tamparmtura  T/m 
on  tha  G>G,  aida  and  the  product  tamp— stura  Tf  on  tha 
G<G.  dda.  Thb  aharp  dbcontimdty  in  temperature  is  impoe- 
dbla  to  raaohra  numerically  whan  tba  G-aquation  b  aolrad  aa 
a  part  of  tba  LES  tzanaport  aquations.  Consequently,  nun— ri- 
cal  inatability  can  (and  doaa)  occur.  To  amid  thb  unaroid- 
abla  complication,  tba  currant  approach  raaohras  tha  (lama  aa 
a  numerically  diffused  flama  in  tho  0<G<1  rsgion.  How- 
arar,  dua  to  tba  explicit  appaarnnea  of  tbo  local  flame  pud 
fat  Equation  (1),  tba  amount  of  boat  release  does  not  depend 
on  tho  rnmpiOarl  internal  structure  of  tha  flame.  Bren  when 
numaried  diffusion  broadens  tba  flama,  tha  flama  peed  b 
not  aerareiy  affected.  Tha  affect  of  numaried  broadening 
was  diacuaoad  earlier  (Menon  and  Jou,  1001)  and  it  was 
ahown  that  numerical  diffusion  doaa  not  significantly  affect 
tba  dynamics  of  tha  flama  propagation. 

Tha  proper  implementation  of  tha  thin  flama  by  Identify¬ 
ing  a  pacified  lard  aurfaca  as  tha  flama  surface  can  be 
accomplished  by  a  new  approach  that  has  boon  recently 
dar doped  far  which  tha  G— aquation  b  aolrad  din  tha 
subgrid  domain  rather  than  in  tha  resohrad  scab  domain.  In 
thb  approach,  tba  eubgrid  domain  b  Anther  diacre  the  d  into 
•mall  calls  to  raaohra  tha  micro  aralss  that  effect  tha  flams 
propagation  aad  tha  turbulent  mixing  processes.  Thb 
approach  baa  an  added  advantage,  far  addition  to  tbo  correct 
Implementation  of  tha  thin  llama  model,  since,  within  the 
•mall  acala  (ia.,  aubgrid),  tba  llama  propagates  at  its  laminar 
pud  (which  b  wall  defined  for  a  ghran  fuel)  rather  than  at 
tha  aaodalad  turbulent  flame  spaed.  Any  arbitrariness  far 
choootag  %  tvbuhnl  >*  nt***^^  con  be  irotdxj .  sod 

in  bet,  tha  adbgrid  pro  rasa—  paorldas  a  mechanism  to  datar- 
■ba  tha  turbulent  paad  baaed  on  tba  flama  propagation  and 
turbulent  mixing  pnoeemts  oacurrinf  at  lbs  mudl  (aubgrid) 
seal—.  Pralbtinary  sratuntioa  of  thb  approach  (Menon, 
1961b,  Menon  at  al„  1991)  has  cfaariy  titewn  tba  potential  of 
thb  new  *Hhgrfcr  flama  modal.  At  praaant,  thb  approach  b 


Uk  AA-  X_« 

uitaM* 

In  a  praetk 

IQ  MQHi 

ml  raenjst  dariaa,  tba  Reynolds  i 

■to  of  tba 

flow  hoxtram 

aty  high.  A  LRS  of  mebaltow  r 

aqafraa  a  vali- 

uiadal.  bftpld  moAafa  far  tap 

aaatibla  flows 

hen  Jh!  bogt 

a  to  be  kiriettgilid  (a.g.,lpaafa) 

a  at  al.,  1987, 

Seaman  and  flqnbsa  1990).  At  praaant,  9  b  sot  ebar  what  b 
an  appropriate  abbgrid  modal  fog  flow*  ouch  aa  thorn  hi  a 
nmfat  — tHr.  Tha  aagltar  tosiditinm  (Mawon  and  Jou, 
1991)  wfth  tba  abert  tab!  duet  bngtb  wars  carried  out  uring 
•  r  firsts  nt  eddy  riaeoaby  modal  aad  a  conatant  tartmlant 


flama  pud  far  flows  hi  a  modarmtr  Baynolda  number 
Soma  hnpottonl  physical  prop— ties,  aucb  as  tba  q—tixl 
nommlfaemby  of  adpid  bnbnbnca  and  ha  affect  on  tha 
local  flama  pud  aad  the  amouat  of  hast  rales—,  ware  not 
toclndad  la  thb  ppreacb.  Bower-,  aa  ahown  aarikr 
(Manon  sad  Jou,  1991),  tba  major  quaUtativa  interactions 
bataaan  the  large  — ab  voatox  atruetursa  aad  tha  combustion 
bast  ralaaaa  could  bo  iphral  by  tba  ronatant  flama  pud 
modal.  In  tba  prsaaat  study,  tba  affect  of  noauntienn  subgrid 
hwtmlinri  cn  Um  turtwhBt  ******  ^tid  ind  on  combustion 
batahlWty  baa  baan  torlwdad  by  uring  a  adpH  modal  for 
tabular*  Mastic  aoergy  aad  titan  determining  tits  turbulent 
flama  spaed  based  on  tha  scaling  relationships  described  in 
geeflon  S.l.  Tba  aubgrid  aaodal  uaad  for  this  study  b 
described  to  thb  section. 

Recently,  Seaman  (1990)  baa  proposed  s  modal  for  tba 
suhgrid  eddy  riacosity  which  requires  tba  determination  of 
tits  aubgrid  turbulent  ktoatie  anargy.  Be  employed  concepts 
from  tha  traditional  Reynolds  averaged  second  order  closure 
approach  to  dariva  thb  model  and  showed  that  this  sddy 
viacoaity  modal  radueaa  to  tha  Smagorinsky's  model  in  the 
Inrrmpra— Ihla  limit.  Although  thb  modal  has  baan  taatad 
only  for  aknpla  problama,  auch  as  decaying,  compra— ibis 
homogeneous  turbulence  (Seaman  and  Squires,  1900),  tha 
relevant  feature  of  this  modal  b  that  tha  aubgrid  kinetic 
aoergy  b  computed  to  tanne  of  tha  resohrad  fields  to  dater- 
aotoa  Um  aubgrid  addy  riaeoaby.  Since,  the  aubgrid 
anargy  distribution  b  a— ential  for  tha  specification  of  tha 
turbulent  flan—  pud,  thb  modal  has  baan  implemented  to 
determine  ha  applicability  for  US  of  rsarting  flow  fields. 

Tba  formulation  begins  fay  considering  a  one-equation 
modal  for  tba  aubgrid  turbulent  kinetic  energy,  and  than 
neglecting  tba  convective  team  Dk/Dt  by  using  inertial  range 
scaling  to  ahow  that  tba  convective  term  b  much  nnall—  than 
the  source  terms  of  this  t  —transport  aquation.  (This  approxi¬ 
mation  b  probably  inappropriate  for  tha  currant  problem  and 
will  be  relaxed  to  tba  ftjture.  Thb  would  result  in  a  one- 
equation  aubgrid  modal  for  tba  aubgrid  ktoatie  anargy.) 
Without  going  into  tba  data  Ha  of  this  formulation  (tea  Zee- 
man,  1990;  Teaman  and  Squires,  1990)  a  final  expression  for 
tha  aubgrid  ktoatie  anargy  b  obtained  aa: 

ft  -  tCA*|5<f|*  +  (J) 

Bara,  A  b  tha  characteristic  fib—  aba,  %,  j,  p  and  T  am, 
respectively,  the  Favra-fUtarad  (Erlabach—  at  al.,  1988) 
large  —ala  (resolved)' velocity,  density,  praaaiue  and  tempera¬ 
ture,  and  ft  -  j(%-'  )  b  tbs  aubgrid  turbulent  kinetic  anargy. 

Abo,  In  —  t(4”  +  ■??■)  b  tba  strain  tenser  to  terms  of 
S  M  j  09  f 

tho  laaohrod  velocity  field.  Tbo  ennatanh  O  and  Pr,  a aa 
choaati  far  tba  praaant  study  to  be  OAf  and  OA,  respectively. 

Tha  aubgrid  addy  riaeoaby  v,  b  rabtod  to  tha  aubgrid 
ktoatie  energy  by  tba  axpraaalon: 

A 

*  m  Ok* A  (8) 

Ones  ft  b  known,  tba  abbgrid  tiwbulanea  totantity  s’ 
(s'  —  rii)  and  tba  hah ul ant  flama  apaad  p  caa  be  deter¬ 
mined.  Thb  modal  b  aba  mad  to  dataRatos  tbs  turbulent 

Dm  aubgrid  tirimn  to  tba  momanhan  tramport, 
V  *  -  %jZj)  m  paf^bghrasM 

V“”gn*4^l  ■  -Wtf  (4) 

Oloaura  of  tba  aubgrid  tarma  appearing  to  tha  energy  trmn- 
port  b  also  accoonptbbed  whig  tba  eddy  riaeoaby  modal. 
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wbera,  #gbdu 

bruafaad  from  tin  relation: 

h.  *  A  s 

(•) 

Sommodifl 

caticna  are  raqubad  to  bnplesn 

hb|  thh  modtl 

in  Hd^nurtric  1m  and  fa  flow  with  conplo  pwwfcfa. 
The  primary  ban*  b  to  fachid*  Dm  offset  of  walk,  h  b  woU 
known  that  walls  can  inhibit  tba  growth  at  turbulent  atrue- 
tana  and  abo  to doe#  tba  langtb  acaia.  Although  a  stretched 
grid  b  and  naar  tin  wall  (arhkh  will  reduce  tba  langtb  acaia) 
an  additional  carnation  baa  batn  uaad  to  anaure  that  tba 
subgrid  atraaa  traafatioai  b  modalad  correctly  naar  tba  wall. 
Han,  tba  waU  denying  modal  at  PiemalU  at  al.  (1983)  b 
oaad  to  wdaflna  tba  Altar  width  aa 
A  »  Af(l  -  «xp(-t+*M**)l  whan  A,  b  tba  characteristic 
grid  aba,  g*  m  ga Jv  b  tba  dbtanca  flam  tba  wall  fa  wall 
unita  and  A*  *  35.  With  thb  definition,  tba  aufcgrid  atraaa 
T,,‘  verbs  aa  y+*  naar  tba  wall.  Can  abo  naada  to  ba  takan 
wban  arahiating  Equation  (6)  naar  tba  waU,  rinca,  aa 
A-*0  and  ao  doaa  tba  aubgrid  fanatic  energy  *-*0. 

A  major  baua  far  LES  at  complex  flaw  b  whatbar  tba 
primary  aawimpHnn  that  tba  aubgrid  acalaa  an  primarily  dia- 
ripative  (and  contain  nagligibla  fanatic  energy)  b  valid.  Past 
direct  numarical  afanulationa  at  relatively  simpler  flowa  (ag., 
PiomaU  at  al.,  1000)  ban  damonatratad  that  tba  unraaohrad 
acalaa  can  contain  rignHicant  fanatic  anaagy  and  thua  tba 
phanoanana  at  bachacattar  (tnnafar  of  energy  flam  tba  wall 
acalaa  to  tba  large  acalaa)  will  have  to  ba  taka  into  account. 
Thua,  fa  ganaml,  aquation  (4)  will  not  correctly  reflect  tba 
proceaa  at  energy  tranter  at  tba  filter  cutoff.  To  determine  a 
non  general  eubgrid  modal  Car  tba  eddy  vbcodty  that  taka* 
into  account  the  omrgy  tranefer  to  and  from  tba  aubgrid 
acalaa,  we  an  currently  atudying  a  modified  aubgrid  model 
that  baa  an  additional  tom  for  the  bachacattar  component.  A 
riorheahe  hariraraWer  model  wee  recently  developed  by 
Chaanov  (1001)  for  application  n  a  aubgrid  modal.  How¬ 
ever,  thb  modal  wae  developed  fa  the  yectral  apace  and,  aa 
auch,  b  not  practical  far  application  to  complex  flow  and  to 
complex  geometries.  Here,  we  eoneider  on  approach  fa  the 
phyrical  pace  that  contain  the  elwnenti  at  tba  model 
developed  by  Chernov  fa  tba  spectral  apace.  A  harlrerettar 
modal  wae  abo  recantly  ebown  by  Utb  (1000).  By  carrying 
out  a  afcnple  phenomenological  analyrit,  a  fan  gar  modal  bn 
boon  developed  that  uaae  tba  neulte  at  the  etudy  by 
Chernov.  The  baric  propartiac  that  an  aaad  to  derive  tba 
barjfacattar  modal  an:  (1)  farward  at  trier  and  hackarattsr 
an  modalad  by  two  dbtfactiy  dWereat  mochaidwa,  (3)  far- 
ward  acettar  b  modeled  by  an  eddy  damping  term  aa  fa  the 

gaefal  . . jetton  (nanlfa  fa  an  auptaorion  rimflar  to  equa- 

Aon  4),  (3)  bactacattor  b  modalad  by  a  random  ten  (n  fa 
the  pidwl  formulation)  which  mtbflm  certain  cosntratata  (It 
b  uncornlatod  fa  thm  with  a  aero  mean,  and,  to  aura*  that 
ft  adds  a  finite  amount  at  amrgy  to  tba  turbulence,  tba  farce 
b  proportional  to  A Than  propertiae  an  dbenmad  fa 
man  dofaib  by  Chaanov  (1001). 

Than,  too  total  suby-id  addy  vbcoefty  b  a  turn  at  two 
brat:  an  addy  (hoping  tom  v,  and  a  random  MMhafao" 
tn  eneb  that: 

•YCt  *)  *  •»,(*.  1)  -  Wjgt,  »)  (f) 

when  vy  b  the  total  eubgrid  addy  vfaeority  and  ftf,  f)  b 
of  tba  ntogrid  ftaynoido  fan  fawn  b  than  wrlltm  at 


V  **  «  -3 vfti  +  ri*ii  (0) 

Tba  addy  damping  tana  a,  btbma  to  ba  tba  aama  n  tba 
original  farward  scatter  addy  viscosity,  fa,  given  by  aquatim 
(0).  Wa  define  tba  bartarartn  tcOribuHnn  to  tba  aubgrid 
toon  aquation  (0)  wring  tba  potato  noted  above  and  by  tutag 
riople  dhnemkoal  analyrit.  Without  going  fate  detail* 
(Maaon,  1001b)  the  random  drift  torn  term  fa  given  as: 

W  -  Cj,  wd  -^w|#|  Sy*  (0) 

when  |7|  s  |^*,  on d  b  a  random  number  with  aero 

mean  and  unit  variance  and  Og  b  a  content  at  0(1)  taken 
ban  fa  be  0.1.  On  taring  aquation  (3)  and  (0)  fa  aquation 
(3),  tba  final  tapratriou  for  tba  two  term  adpid  model  b 

«an£ 

V  -  *  -* fa£«  +  °Mt  end 

Thb  modal  b  now  being  ev abatad  far  application  to  toe 
combustion  taxability.  flams  preliminary  validation  etudire 
that  have  bean  carried  out  to  dotarmfaa  tba  behavior  of  thb 
eubgrid  modal  b  dbcuaaad  fa  tba  mod  eection. 

A  SIMULATION  or  COMBUSTION  INSTABILITY 

Bafon  deaerfafag  the  active  control  resulta,  too  faaturee  of 
tba  tfantlatad  combustion  fartabUty  fa  tba  ramjet  b 
daacribad.  Aa  noted  before,  ccmbuetton  instability  baa  been 
rimnlated  to  two  different  typer  of  configtntiona:  a  abort 
inlet  combuator  and  a  long  inlet  combmtor.  The  details  of 
the  simulation  of  combustion  instability  fa  the  short  inlet 
combustor  an  dhrnaeart  elsewhere  (Menon  and  Jou,  1981) 
and  titanfon,  will  only  ba  briefly  daacribad  ban.  Most  of 
tba  t*-"1**"—  dhcuaeed  fa  thh  eaction  deals  with  the  fat* 
falat  ccmbuetor. 

In  gamnl,  combustion  fariabfiity  fa  a  rrunhiwtie  depends 
upon  various  pormmotere  each  oe  the  eyetem  geometry,  the 
flow  parameter*,  the  fuel  type,  and  tba  equivalence  ratio.  In 
tba  earlier  study  (Matron  and  Jou,  1991),  fa  addition  to  the 
flow  parameters  (eg.,  the  Mach  number  if  and  tba  Reynolds 
number  Ra)  and  the  geometrical  parameters  (eg.,  L,-,  l, 
Ajdtt/A*  ;  an  Figure  1),  two  important  thsrmochemical 
parameters  wan  identified.  One  i*  #  =  Tf/T„  which  b  the 
ratio  of  the  product  temperature  to  tba  stagnation  tempera¬ 
ture  T,\  tba  other  b  »s  a y/a*,,  which  b  the  ratio  of  the 
characteristic  flame  spaed  to  tba  characteristic  inlet  velocity 
fa.  For  a  fixed  fuel  mixture,  #  can  bo  related  to  the 
equivalence  ratio  4,  and  a  can  be  related  to  the  chemical 
kinetic  rate  and  tbo  level  of  aubgrid  turixileoc*.  The  offset* 
of  varying  tbo  geometrical  paremotare,  the  ratio  between  to* 
falat  and  throat  anas  AwmM*>  ond  tit*  tbawnochemical 
penmetsn  f  and  m  have  bean  studied  (Manner  and  Jou, 
1991).  It  was  dotssmfaod,  that  factiaring  v  with  the  other 
psranrimi  held  fixed  exrttee  the  tago-empHturte.  low- 

ftp  fa  a  ramjet. 

The  ritoufatiotr  of  cotifamtom  hntahtlfty  fa  too  abort  Inlet 
ennfigrrsHfin  uupioyed  a  eomtant  odd y  vbcoefty  aubgrid 
modal  and  abo  amumed  that  tba  tuab  riant  flam  spaed  b  a 
aosutant,  around  B  pereeesk  of  the  aason  fafat  velocity.  For 
thb  rimriotion,  tbo  nftrsnn  Mach  —bar  wm  if  a*  043 
and  tba  nfarawa  Reynolds  number  was  10000,  baaed  on  to* 
falat  duet  dbm star  and  a  rafarataea  vrinrfty  of  a^  w  100 
rrJutc.  For  tba  long  fatal  aembmtor,  tba  aubgrid  model 
dirofaid  fa  floctiou  34  wo*  and  to  dafarafas  tba  aubgrid 
rinsaea  and  tba  tutoring  flam  pul  fa  tba  eemtantor .  Two 
rimriatimw  wfth  Mach  Muabar  043  and  047  wn  carried 
out  uring  too  fang  fafat  duct  ooaflgtoution  br  tin  same  rafar- 
anca  Raywoidc  amber  of  90000.  Tba  tinsm ochmabri 
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pmemeti  lud««n  kddflMd  rtlBftad«>OJXbt 
Dm  short  Wat  studies  wfafl*  for  te  low  Wat  aaaaa,  only 
l«l  wm  Md  fixed  (Wa  now,  Mflono  longer  a  constant). 
Frir  »  «  8,  te  product  lingiltw*  1)  waa  1(00  K.  AH  qra- 
tan  (gtcnnWaal)  parameter*  aneh  aa  B  and  t,  nata  bald 
ted  tor  both  testotota  except  to  tha  Wat  duet  length 
which  an  hnreaaed  tom  LJB  m  64  to  tha  tort  Wat 
aaaa  to  LJH  ■  33.4  to  iba  long  bill  aaaaa. 


Meta  that,  to  the 


Oomburtiea  tmtaMHy  in  tba  rite  Wat  cam  was  sknu- 
Wad  aeriter  (Master  and  Jen,  1801)  and  an  team  to  be 
cbametaiaad  by  a  bi|Mntttiidat  badatmxy  prsantrs 

aaaaa  prcmurs,  aa  abeam  hi  Ftgw*  to.  Tba  oarfllatton 
rapidly  taaehaa  a  tattelug  cycle  and  tent  a  type  of  praaaure 
denature  that  la  typical  at  arhat  ia  observed  durb«  cosnbua- 
Uon  instability.  A  kip  booked-flame  rimetw*  pepptai 
tbroueb  tba  cewteato  at  a  low  frequency,  and  aeeoeWed 
with  tbia  llama  ia  a  lama  mmhrwem  shaped  vortical  structure. 
The  combined  vertex/flams  atruetiwe  propagates  through  the 
comhuetor  at  the  earoa  low  frequency.  Spectral  analyse 
tewed  that  the  dominant  mode  of  oeclllatkm  ia  occurring  at 
a  frequency  of  around  186  Ha.  The  amplitude  and  phaae  of 
tba  praaaure  oar  Illation  at  various  locationa  in  tba  combuator 
waa  nearly  the  aame,  indtrating  that  tbia  praaaure  oeclllatkm 
is  similar  to  the  bulk-mode  peculation  observed  hi  some 


Tba  typical  flame  strucUa*  and  the  vortlcity  field  are 
shown  in  Figuraa  3b  and  3c.  For  comparison,  the  experimen¬ 
tal  visualisation  of  fltnith  and  Zukoaki  (IMS)  is  shown  in 
Figure  3d.  Further  analysis  ana  carried  out  by  Menon  and 
Jou  (1891),  and  it  was  shorn  there  that  many  characteristics 
of  this  type  of  combustion  instability,  such  as  the  pressure 
and  velocity  fluctuation  levels,  tha  phaae  relation  between  the 
premure  and  velocity  fluctuations,  and  various  features  of  the 
vortex/flame  structure  prapegatfrm,  qualitatively  agreed  with 


For  the  long  Wat  comburior,  tba  that  taut  addraaaed  was 
tha  evaluation  of  tba  new  snbgrid  modal  for  application  to 
complex  lettering  flows.  Typically,  validation  studios  of  new 
subgrid  modal*  are  carried  out  by  comparing  the  results  of 
LBS  (using  the  subgrid  model)  to  the  results  obtained  by 
direct  nutnarieal  thimlalhina.  However,  ouch  an  approach  is 
bnpcactkal  not  only  at  prism!,  but  also  fat  tba  toseeable 
ftrture,  due  to  tha  fastens*  mmpntaHnnal  effort  (both  Uma  and 
memory)  that  will  be  required  to  carry  out  direct  stmulationa 
of  reacting  flow*  In  complex  geometries.  Sven  LBS  of 
mmbtation  instability  Is  very  axpwniv*.  Thereto*,  in  the 
approach  teem  ton,  two  tdswhril  thiinlaHnne  with  the 
same  subgrid  modal  was  cited  out,  but  with  two  different 
grid  reaolutiowc  Oh—gteg  tba  pid  rmoteriou  results  hi  a 
change  In  te  Star  width  A.  This  should  hnpact  the  dieripw- 
Mva  proctm  modalad  by  te  subgrid  model  ate*  te  grid 

tba  aubgrld  medal  am  aim  be  evaluated  by  carrying  o«st  such 


of  te  m 
no  of  te 


an  dia¬ 


ls  thii  section. 


The  ascend  approach  is  much  men  aampHcated.  This 
method  mm  a  mmkiag  techniqna  (PrmrniWI  at  al.,  1890) 
which  aasanrially  involve*  Storing  tha  high  resolution  rinwla- 
tte  results  with  a  marii  rite  mfcnica  te  effect  of  tha  Altar 
mad  to  te  coat**  gid.  Than  te  omegy  traaato  near  tha 

pared  to  te  actual  energy  tranter  predicted  by  using  the 
eribgrid  model  hi  te  coarm  grid  testette.  Such  a  tech¬ 
nique  baa  bam  meeaatMly  mad  by  Dcmaeeddd  at  al.  (1980) 
and  Chamov  (1981);  however,  all  their  atndtes  were  carried 
out  hi  spectral  spec*  and  to  topis  flow*  (low  Reynolds 

to  which  direct  rimuhstian  and  Footer  transform  analysis 
was  potable.  The  appikabttty  of  thia  approach  to  study  LES 
data  in  physical  space  is  not  yet  dear,  hut  te  under  study. 


(1981); 


r**i 


To  evaluate  te  eubgrid  model,  two  large  eddy  simulations 
ware  cited  out  with  grid  lamluHon  of  830  x  64  and  356  x 
S3,  respocttvoly>  using  identical  geometrical  configurations, 
flow  paramotata  and  te  same  subgrid  model.  For  the  first 
•tarn  of  simulations,  te  eubgrid  model  wee  hnplemented  for 
te  momentum  and  enmgy  tramport  closer*,  but  the  coupling 
between  the  eubgrid  Mastic  energy  and  the  turbulent  flam* 
tpead  waa  not  canted  out.  A  constant  tmbutent  flame  speed 
model  area  mad  for  thee*  teste.  Subsequently,  tha  flam*  speed 
wee  coupled  to  the  eubgrid  model. 

Figures  Sa  and  3b  show  respectively,  tha  pressure  spectra 
•I  the  but  at  titt  fnnwd  (bdet  itap  obtebud  the 

fin*  merit  and  the  coarse  mesh  with  a  constant  turbulent 
flame  psed  of  5  m/s.  Tba  mactaal  analyris  was  carried  out 
by  using  both  the  maximian  entropy  method  (Menon  and 
Sou,  1MT,  1980)  and  the  standard  FFT  method  arith  and 
without  a  prawhtoning  filter.  8haibr  frequencies  were 
observed  hi  all  tern  spacfral  analyris.  In  te  spectral  data 
riiown  bare,  only  the  frequency  Information  te  considered 
accmata;  therefore,  no  osnpHtude  htemation  te  shown.  It 
can  be  seen  that  tho  fin*  and  coarse  merit  sknulatione  show  a 
dominant  frequency  of  around  384  Ha  and  344  Hi,  re^tec- 
tfvely.  Tha  difference  betwem  te  value  of  tho  frequency  te 
lam  than  I  percent  and  thus,  t  appears  that  for  the  teat  condi- 
tlon*  chosen  tom,  tba  coarse  grid  te  rapable  of  reproducing 
te  mne  dominant  mode  of  ooriliatkm  seen  in  te  fin*  merit 
tewtafcm  Tba  csnpWteulo  of  te  proa— a  oadUation  at  this 
frequency  waa  alto  measersd  and  compared.  Very  similar 
levels  were  prism!  tat  both  lb  ms  rimulatinin  Tbs  axial  vari¬ 
ation  of  te  preaeure  ampMtad*  hi  te  Wot  (shown  below) 
euggeete  that  this  fteqnenry  te  the  standing  half  serve  acouriic 
mode;  a  staple  dstaminatioa  of  te  amuaWc  frequency  by 
aring  the  rrietlcn  /  m  o/iLj  wtefa  L/  ■»  0.T11  as  and  using  the 
9asd  of  sound  bate  on  te  tsmperetme  at  the  inlet  ghras 
te  am  frequency.  Thus,  |  appease  that  te  Wat  duct  acta 


’,  te  vmtkb|  pa 
■teems  of  te  slap 
acy  mm  hi  te  pi 
y  grin.  Flow  vl 


of  fab 


low  frequency.  lb  Mb  a f  tb  wrtc  frwaHnn  and  tb# 
phaa*  relation  botwoon  fa*  pa  Mauri  and  th*  axial  velocity 
•octuatbao  MM  tkb  praeaaa  baa  baa*  dbeaaad  fa  mar* 
dafafla  fa  bfaaaa  and  Jon  (INI)  far  tba  Mat  falat  aaaa.  Tba 
paw  IB*  reaulta  ar*  fa  ipaaaM*  wfrh  tbaaa  aaribr  obari 
bona  and  alao  att  oxparfaaaetal  data  (*4.,  faitli  aad 
Suhofai,  19N;  Yu  at  at.,  INI);  famefora,  fab  dbcmrion  b 
aot  repeated  ham. 


Tba  above  bo  daadatfao*  war*  carried  oat  abb  a  eoo- 
atant  tarfaflmri  flam*  pad.  To  dotwifaii  V  fadmba  of  tba 
variable  turbulaot  flama  paad  aaodal  affect*  tba  dominant 
aaoda,  anothar  faaMfatfao  «aa  canted  eat  abb  fa*  fafabnt 
flam*  apaad  aampotad  a*  a  ftmctfaw  of  tb*  haatoar  flam* 
maad  Si  and  tb*  terbuboce  fataadtjr  a*.  Ter  fab  faunfafain. 
faacoama  arid  aoaohdfau  waa  aanployad  aad  a  laadaat  flam* 
mad  at  SL  m  o.S  m/a  am  mad.  Thb  vaiua  d  f,  am 

(Gaidar,  1900)  ahoaw  faat  fab  value  of  Ft  b  fa  arbbin  fa* 
rang*  rtriumfrinf  far  many  tjrpaa  of  hydrocarbon  fu*U  (14., 

Figure  So  faooa  fa*  cnmpntad  praaama  mactra  for  thb 
afamtatton  Tb*  dominant  frequency  b  nearly  fa*  aam*  m 
aaaa  fa  tb*  aaribr  familaHom  (Figure  8).  Thb  fadkatm  that 
fa*  praaaura  nr-**-—  b  bafag  eootrolfad  fay  fa*  tabt  duet 
acomtfc*.  Sfaca  fab  afawlatioa  date  am  than  uaad  to  atudy 
acthra  control  technique*,  further  aoaiyrio  of  tb*  data  arm 
canted  out.  flam*  of  tb*  partfaant  raault*  an  dbcumad  bar*. 
Figure  tb  aboara  fa*  praaaura  bac*  at  tba  baa*  of  fa*  atapfor 
fab  rimulatinn  Tb*  tear  frequency  oarillation  with  a  peak* 
to-paak  larral  of  around  SO  percent  of  tba  mean  premia*  b 
aaaa.  Thb  b  eomaarhat  looar  than  fa*  level  aaan  fa  fa*  aar- 
Bar  abort  falat  cam  but  h  mnabtant  aHth  fa*  leveb  obaarrad 
In  1  rindlar  titpwfcnitiSl  tut  cooliiuniioo.  Alto  inUmtinf 
to  note  It  *****  Du  pcwMN  mcQIiDob  no  lor^tr  | 

torment  amplitude  fa  fam  ofaan  compared  to  fa*  aaribr 
faoct  falat  cam  (Figure  3a). 

Tba  amplitude  at  the  344  Ha  praaaura  peculation  in  fa* 
falat  and  fa  faa  combuator  am  caaputad  and  tba  axbl  varia¬ 
tion  of  the  amplitude  nonnalbad  fay  faapraaama  amplitude  at 
tb*  bam  of  tba  atop  b  faooa  fa  Figure  6a.  Note  faat  fa* 
a  -axb  b  aboara  ralativ*  to  fa*  location  of  the  atop. 
Although  fa*  amplitude  eafam  m  computed  by  faa  FFT 
aaalyab  b  aot  cooaidated  vary  accurata  (do*  to  fa*  finite 
amount  of  tampcral  data  arailabla),  the  axial  variation  *ug> 
peat*  the  pr menu  of  ataadfag  baNmava  acoufac  mode  in  fa* 
rimfaaalBt.  Tb*  aanpHtud*  b  a  maxfaaaa  fa  tb*  mmhiiator 
aad  tba  level  fa  nearly  aarliawgtd  fa  fa*  eattr*  comhiqtnr. 
Figora  flb  faooa  the  pifa  of  fa*  axial  velocity  at  fa* 
caotadfa*  fat  apatream  of  tb*  dump  plana  Tb*  mm*  loo 
frequency  aaaa  fa  theft**— 1  aad  vorticfly  made*  b  prmant 
fa  fa*  velocity  fluatuattem. 


(Dowttng,  Ufrfr;  Yu  at  aL,  3M1).  Thb  raault  aug- 
gaata  that  faa  famtaMtty  mad*  of  eecfibtton  may  haw*  a  con¬ 
vector*  component-  Tb*  aeomtfe  aacfllaHon  at  fa*  144  Hi 

mmlnBtnt.  boarevac,  fa*  praman  and  fa*  axial  velocity  qpac- 
tra  fa  faa  falat  do  faoer  fa*  pteaanm  of  fab  frequency.  Thb 
can  fa*  aaaa  fa  FIgve*  7c  and  7d  ohicb  faoo  impectbdy, 
tba  pramara  faectra  fa  tba  middle  of  the  falat  duct  aad  faa 
axbl  velocity  apactre  Job  iqntriam  of  fao  dmop  plana. 

Tba  pbaaa  rebtioa  batoeaa  tba  pteanae  aad  velocity  fiuc- 
tuattooa  can  bo  dateradaad  from  Figure*  da  aad  flb  which 
faoo  Mpaetoraly,  faa  Mach  0A3  aad  Mbch  0.17  caam.  For 
fa*  higher  Mach  maabar  cm,  fa*  pmamro  a*  the  bam  of  faa 
atep  aad  fa*  tauter  Baa  axbl  velocity  at  fa*  dump  plane  ara 
dearly  oat  of  ph*m.  Tb*  vdocKy  fluctuation  paak-to-paak 
bval  b  around  70  percent  of  fa*  mean  velocity  and  tba  oacil- 
htbB  frequency  b  fa*  ama*  m  fa*  frequency  aaan  in  fa* 
preerura  field.  Hoerevar,  far  fa*  looar  Mach  number  cam, 
faa  velocity  fluctuation  faooa  both  fa*  bar  frequency  of  *7 
Ho  aad  abo  fa*  high  frequency  of  144  Ha.  Tba  poak-to-poak 
loval  of  faa  lour  frequency  b  again  around  70-00  percent  of 
fa*  mean  velocity  but  fa*  higher  frequency  faoo*  a  much 
loarar  fluctuation  loval.  Tb*  prmmra  fluctuation  on  th*  other 
band,  faoer*  only  tb*  loo  frequency  Mod*. 

Flow  ii*u*Hmlhm  of  tb*  flma*  and  vortex  fauctwea  are 
■boon  fa  Figure*  fra  through  Od.  Two 


tor*  end  vorticlty  field  at  aa  fariawt  when  fame  b  e  large 
vortex/flame  fauctm*  prmant  fa  tb*  middle  of  tb*  combue- 
tor.  Figurm  9c  aad  Od  fa  owe  rmpacflvaly,  another  faataat 
whan  than  b  no  hrg*  fautton  prmant  aad  a  vortex  hmjwt 
boon  faod  from  fa*  atep  corner.  Aneiyab  of  fa*  aubgrid 
fanatic  aaargy  Add  (aot  faoon)  fadkatm  fate  rignflkant 
amount  of  aubgrid  fanatic  «nargy  b  aaaoebtad  with  the  larga 
vortex,  flow  aa  faoeaaa  fa  *ubgrld  fanatic  mergy  fanplia* 
an  teaeam  fa  fa*  tiufaidaat  flama  pad  (which  b  a  mama* 
of  faa  tufaubat  reaction  rate),  fab  aaggmfa  that  rignfficaat 


Th*  dmulalad  data  oa  fa*  romtnotloa  fariahlHty  fa  both 


duct  ooaflgiaetfaao  een  then 
techeiquee  Thb  atudy  b  fall 
fat  wetting  raauita  her*  boon 


4.  ACnVBOOHTHOLOHOOfrlBORKNT  INSTABILITY 


la  tha 


annfciy  tal  hlirtlw  raaaautrol  qrbmi  Both  (toady  aad 
mntaedy  Meoafagr  M  hpicttoa  an  Mag  bodied.  The 
aaafcy  i  teal  b  btcodurad  typing  cat  bap 


Various 
ad.  Tha 


Although,  Mm  choke  of 
r)  b  ahaflar  to  tha 


of  tha 

tha  hUaradh'in  of  tha 
i  b  probably  highly 

With  tha  < 
of  tbraa 

Abac  farther  nalaattoo  of  tha  snhgriri  model,  full 
tbaa  dlmaiulnnal  rtmitaHmu  an  phrabd  la  tha  aaar  futon 
on  tha  IPSC/iSOO  anninlj  parallal  processor.  (Thactnant 
axisymmetric  coda  b  ahaady  running  oa  thb  aahha  aad 
tha  SD  coda  b  canaatty  being  paatad  over).  With  fall  thrsa- 

raalhtlr  control  atadba  win 


atudy  of 
i  affort  b  that, 

ia  tha  experiments,  tha  primary  stream  vaa  ahrajra  ataady 
(bacaoaa  a  ahokad  halae  aaa  employed)  and  tha  only 
aaataadhMaa  tntroducad  aaa  from  tha  aacoodary  ftial  Injec¬ 
tion.  la  tha  prarant  body,  tha  inflow,  aa  noted  abova,  b  eub- 
and  oniUtdy.  This  fcnpUas  Uni  Um  ncondary  fml 
n  haa  to  ba  injected  with  proper  phaaa  to  On  primary 
,  and,  thb  makaa  tha  control  approach  man 


To  develop  a  control  atratagy,  wa  followed  a  technique 
wka&v  to  thit  und  nHiv  for  Bcouitk  fnAodt  control 
abo  aomearhat  similar  to  tha  aapartmawtal  approach.  That,  a 
croaa  rnrralarion  aaalyab  hatwaan  tha  (aaribr  recorded)  prae 
aun  fluctuation  at  the  beee  of  the  atop  and  tha  pnaaure  rignal 
at  a  choaan  aaneor  location  (at  pa  aa  ant,  the  ainanr  rignal  b  the 
aadl  praaenre  aaar  the  dnwnatraaan  dbfaear)  b  carried  out  to 
datandna  the  that  delay  tor  peat  nagathra  correlation.  For 
example,  thb  time  delay  b  around  S  moac  for  tha  >44  Hi 


an-  .  .  ay  Inal  fleer  rata, 
W  tglmathg  tha 
Tha  dk  a)  ef  tha  iqjec- 
af  p|d  pohds  amd  to  modal  tha 
hare,  fin 
ad  to  modal 
waa  always 
(J>J  t<  the  primary 
II 

(U-.«  •<>).  Thablartinn  pnaama 
on  tha  tppo  of  htbatbn  control  eya- 


tho  Ejection  velocity  b 


In  tha  following,  no 


of  tha  active 
faaturee.  Aa 
control  ♦tfhnrpw 
will  ba  reported  in 
hntabffity  fat  both 
(tad  out  and  are 


Tha  control  ef  the  low  .frequency  (notability  rimulated  fa> 
tha  abort  hdat  configuration  (Xenon  and  Jou,  1001)  using 
fin)  m  e~iut  nhq  both  atoady  and 

pulaad  injection,  For  Hum  studies,  tha  aacoodary  fuel  flow 
rats  was  determined  fay  defining  n  parameter,  jif  *  *•«,/ k,/ 
where,  n^  waa  the  maae  flow  rata  baaed  on  the  reference 
condXona  at  the  hdat.  A  value  of  JfeOJ  waa  chosen  tor 


Figure  10a  Aon  tha  result  of  a  noulrol  ubiiiilntinn  with  a 
ataady  aacoodary  Aal  faction  In  tha  hdat  duct.  Both  tha 
pranurt  at  tha  beat  of  tha  atap  and  tha  rantartina  axial  velo¬ 
city  m  shown  ht  thb  figure.  Although,  tha  control  b  not 
vary  affective,  the  pral  to  pact  pesraure  fluctuation  level 
does  decrease  from  the  original  10  percent  level  to  around  SO 
paroant  of  the  mean  pressure.  The  relochy  fluctuation 
laamina  out  of  phaaa  with  tha  praaaura  norillaHon  and  fits 
poah  to  prat  level  of  velocity  fiurturtfao  decraram  from  tha 
100  percent  of  the  arson  velocity  aeon  hi  the  uncontrolled 
hutdUhp  (Xenon  and  Sou,  1M1)  to  ranirad  10  peccant  level 


T 


4m  to  Dm 
Dm  conot 


Fipura  11*  4wn  s  pnii  ripiml  at  tbo  bw  of  tbo  etap 
(or  aa  active  control  study  of  tba  Modi  0  M  rfandated  Mo¬ 
bility.  For  tUa  mnulatinn.  tbo  contralto,  equation  (U)  was 
and  bat  with  a  nrodfltcoAon.  A  thus  (Way  of  1  nwc  m 
used  and  tbo  secondary  fuel  injection  vaa  only  carried  oat 
whenever  p,‘(t  -  r)  >  0.  Whan  tba  aanaor  (pil  ahovad  a 
negative  veins,  tba  injection  wm  tawd  off.  TUa  approach 
h  abnBar  to  tba  approach  and  bp  Longhorns  and  Hooper 
(1MB).  Tbo  bjecMon  pressure  am  chosen  to  bo  tba  rate- 
aaca  bdat  praaaura  and  tba  fain  parameter  0a  am  choaan  to 
ba  2.1  x  10~*.  The  control  ahmilaHcin  ana  begun  bom  a  pra- 
Ttoua  tbna  of  tba  aartiar  onrontrollad  abnolatioa  (Figure  lb). 
Tba  taaulta  show  that  tba  praaawa  narfllation  ia  not  Tory 
effectively  controlled;  however,  arith  tbna  tba  paak-to-paak 
praaaura  fluctuation  level  drape  from  the  original  SO  percent 


value  to  around  II  p  arrant.  Tba  reduction  hi  tba  praaaura 
level  appaota  to  ba  a  function  of  tbna  and  nap  ba  due  to  tba 
vnsteiidy  control  injection  with  tbi  ouindy  non 

flow  of  tbo  primary  atraam.  For  the  valuer  and  bare,  tba 
secondary  man  flow  rata  wm  appradnatrly  10  percent  of 
the  raCrrance  nan  flow  rata  at  tba  inlst.  But,rtnca  tbs  actual 
ioflow  at  tba  bdat  la  mwtrady.  the  bwtantaaioue  ratio  of 
fluctuatn.  Fmtbar  analyris  of  tbo  afbet  of  tbo 
behaviour  of  tUa  typo  of  controller  b  underway.  Tba  epoc¬ 
hal  analyaia  of  tba  praaaura  fluctuation  at  tba  ban  of  tba  etap 
b  drawn  in  Fipura  11b.  Tba  dnmhwnt  aardation  frequency 
aaan  in  the  gpcooirollad  abnulatton  b  stfll  praaant  In  thb 
apactra.  TUa  auppaata  that  tba  iulat  duct  acooriica  b  stUl  con- 
troIHap  tba  rcmdwMtinu  bntahBIty.  A  lew  frequency  of 
around  71  Ka  b  aiao  aaan  in  tba  qraebn.  H  ta  unclear  at 
PNMnfc  00  to  Um  OOOBOO  0 f  tfeii  nodo  of  OOcSQottOO  — m!  it  miy 


A  brpe-eddy  abnulation  model  bn  been  developed  that 
rnrCabw  tba  aasantbl  pbyrica  of  comhnaHnn  brrtaUlity  aucb 
n  tba  acoorik  unva  notion,  hdnrartbm  between  lap 
addto,  and  rnrahnHwn  and  amtaady  baat  ralaaaa  durinp 
[anil rail  Aral  ccenbuatiou  fco  a  ramjet.  Tba  combuation 
modal  oaad  to  tbo  rimnlalinen  agflefly  hnccporatn  tba 
local  tnbnlant  fleam  tpaad  and  avo Me  tba  atronaoua  numeri¬ 
cal  baat  ralaaaa  that  would  oecnr  in  o  flidta  rata  chemistry 
modal  while  attanqiHnp  to  taaolva  tba  bttonol  atructura  of 
tba  flame.  A  aubprid  modal  that  modab  tba  forward  scatter 
and  tba  bar,  lac  attar  n  two  distinctly  dfltoard  marhanirtn  b 
propoaad  to  larpa  eddy  rimidattow  of  coanhuation  instability. 
Tba  toward  arattar  aubprid  modal  dotonrian  tba  aubprid 
turiaulwit  HnaUr  anatpy  which  b  aaad  to  evaluate  both  the 
Reynold!  Olid  tdblllof 

PraUndnary  evaluation  of  Am  capability  and  behavior  of  tba 
aribprid  modal  bn  provided  soma  wndManrs  ta  tba  currant 
HOdtl 


OonbiHttoQ  inlibflily  hoo  boon  MMricaOjr  dnulited  in 
two  dfltoant  ramjet  canflguraHnn-  a  abort  bdat  combuator 
and  a  leap  bdat  rondwntnr.  Many  fraturaa  of  Am  computed 
testability  are  far  pood  apraamaat  artth  aaparimantal  obaarvo- 
Aoaa.  Two  dfltoant  Mach  mndi  w  Aniiilillimt  ware  carried 
oat  to  Am  loop  bdat  combustor.  Analyria  of  tba  data  in  the 
hlpbar  Mock  lumber  can  appih  Amt  tba  Uat  aconAc 
nods  datondnn  Am  ooHHaHor  fruqnancy  fe  Am  comburior. 
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Figure  3.  Pressure  spectra  in  the  long  inlet  combustor  using  the  snbgrid  model  for  different 
grid  resolutions.  Constant  turbulent  flame  speed  case. 


Flgnre  4.  Vortteity  spectra  la  the  long  inlet  combustor  nstag  the  snbgrid  model  for  different 
grid  rseoiutloas.  Ceaetant  turbulent  flame  speed  case. 
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Figure  5.  Pressure  spectra  and  time  trace  at  the  base  of  the  step  in  the  long  inlet  combustor. 
Variable  turbulent  flame  speed  case  with  reference  Mach  number  of  0.32  and  a  grid  resolution 
of  256  x  31 


(•)  Pr— re  amplitude  variation  for  the  244  Hi  oscillation  00  Centerline  axial  velocity  spectra 


name  1  Centerline  axial  velocity  spectra  at  Am  damp  plane  and  the  amplitude  variation  of 
the  premnie  fluctuation  in  the  long  Inlet  combustor.  Variable  turbulent  flame  speed  case  with 


of  0.32  and  a  grid  resolution  of  256x32. 


(c)  Flame  structure  at  t  =  tj  for  the  pulsed  Injection  case 


(d)  Flame  structure  at  /  ■  ta  for  the  pulsed  Injection  case 


Figure  10.  Active  control  of  combustion  instability  In  the  short  inlet  combustor 


Figure  11.  Pressure  fluctuation  and  spectra  during  active  control  of  instability  in  the  long  inlet 
combustor  using  a  time-delay  feedback  controller  for  the  Mach  *  0.32  case. 


(a)  The  pressure  fluctuation  at  the  base  of  the  step 


Figure  12.  Pressure  fluctuation  and  spectra  during  active  control  of  Instability  fas  the  long  Inlet 
combustor  using  a  time  delay  feedback  coa trailer  for  the  Mach  ■  0.17  case. 
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ABSTRACT 

Combustion  instability  in  a  ramjet  combustor  has  been 
numerically  simulated  urine  »  large-eddy  simulation  (LBS) 
technique.  Pramixed  combustion  hi  the  combustor  is  simu¬ 
lated  ueirw  a  thin- flame  model  that  explicitly  uses  the  local 
turbulent  flame  speed  in  the  governing  equation.  Two  types 
of  instability  are  observed:  a  mall-amplitude,  high-frequency 
instability  and  a  large-amplitude,  low-frequency  instability. 
Both  such  instabilities  have  been  experimentally  observed, 
and  various  computed  flow  features  are  in  good  qualitative 
agreement  with  experimental  observations.  The  information 
obtained  from  these  simulations  has  been  used  to  develop 
active  control  strategies  to  suppress  the  instabilities.  Two 
active  control  techniques  have  been  investigated:  an  acoustic 
feedback  technique  and  secondary  (both  steady  and 
unsteady)  fuel  injection.  Control  of  both  types  of  combustion 
instability  was  successfully  achieved  using  the  acoustic  feed¬ 
back  technique,  and  the  control  could  be  used  to  turn  the  ins¬ 
tability  on  and  off.  Secondary  fuel  injection  also  shows 
promise  as  an  active  control  technique  to  suppress  combus¬ 
tion  instability. 

1.  INTRODUCTION 

Combustion  instability  in  a  ramjet  engine  is  an  extremely 
complex  phenomenon  involving  nonlinear  interactions  among 
acoustic  waves,  vortex  motion  and  unsteady  heat  release. 
Typically,  the  instability  manifests  itself  as  a  large-amplitude 
pressure  oecillation  in  the  low-frequency  range  (100-800  Hi) 
and  is  very  difficult  to  control.  When  the  amplitude  of  the 
pressure  oecillation  reaches  some  critical  limit,  it  can  cause 
structural  damage  due  to  fatigue  or  can  cause  an  engine 
'unstart,*  which  occurs  when  the  shock  in  the  inlet  duct  is 
expelled  to  form  a  bow  shock  ahead  of  the  inlet.  This 
phenomenon  of  engine  unstart  is  one  of  the  roost  serious 
technical  problems  encountered  in  developing  an  operational 
ramjet  engine.  In  recent  years,  a  major  research  program  was 
undertaken,  both  experimentally  (sg.,  Schadow  et  el.,  1987; 
Gutmark  et  al.,  1989;  Smith  and  Zukoski,  1985;  Sterling  and 
Zukoeki,  1987;  Hedge  et  al.,  1987)  and  numerically  (eg., 
Menon  and  Jou,  1990a,  1990b;  Jou  and  Meson,  1990; 
Kailssanath  et  al.,  1989),  to  determine  the  mechanism  of  the 
combustion  instability.  Attempts  to  control  combustion  insta¬ 
bility  using  both  passive  and  active  control  techniques  have 
also  been  carried  out  far  the  past  (ass  Culick,  1989,  for  a 
review).  Passive  control  methods  that  typically  involve  struc¬ 
tural  (Le.,  geometrical)  modifications  have  proven  insufficient 
for  controlling  the  law  frequency  Instability.  Recant  experi¬ 
mental  studies  (e-g.,  Gulati  and  Marti,  1990;  Laaghorne  and 
Hoeper,  1989;  Schadow  at  al.,  1990;  Gutmark  at  al.,  1989, 
1990)  suggest  that  the  use  of  active  control  techniques  may 


be  a  more  effective  approach  for  controlling  the  combustion 
instability  in  a  ramjet.  To  complement  the  experimental  stu¬ 
dies  at  the  Naval  Weapons  Center  (NWC)  (eg.,  Schadow  et 
al.,  1990,  Gutmark  et  al.,  1990)  a  numerical  approach  to 
study  active  control  methods  is  also  being  developed.  Some 
results  of  active  control  using  acoustic  feedback  techniques 
were  reported  earlier  (Menon,  1990).  This  paper  continues 
the  acoustic  feedback  control  study  and  also  describes 
another  active  control  technique  using  secondary  fuel  injec¬ 
tion  that  has  been  shown  experimentally  to  be  an  affective 
control  system  (eg.,  Langhome  and  Hooper,  1989;  Gutmark 
et  al.,  1990). 

1.  THE  SIMULATION  MODEL 

The  simulation  model  used  in  this  study  was  developed 
through  a  series  of  numerical  experiments  starting  with  cold 
flow  studies  (Menon  and  Jou,  1987,  1990a;  Jou  and  Menon, 
1987,  1990)  and  culminating  in  the  simulation  of  combustion 
instability  (Menon  and  Jou,  1990b).  The  equations  solved  in 
this  model  are  the  full  compressible  Navier-Stokes  equations 
formulated  in  the  axkymmetric  coordinate  system.  The 
numerical  technique  is  an  unaplit  second -order-accurate, 
finite-volume  scheme  based  on  MacCormack’s  method;  it  has 
been  described  elsewhere  (Menon  and  Jou,  1987,  1990a). 
The  ramjet  combustor  modeled  in  these  studies  consists  of  an 
axisymmetrk  inlet  duct  that  is  connected  to  an  axisymmetric 
dump  combustor  by  a  sudden  expansion.  A  convergent- 
divergent  nossle  is  attached  downstream  of  the  combustor. 
Figure  la  shows  the  typical  ramjet  configuration  used  in 
these  studies. 

1.1  Tbs  Numerical  Modal 

The  details  of  the  nianerical  model  and  the  validation  stu¬ 
dies  have  been  described  elsewhere  (Menon  and  Jou,  1987, 
1990a;  Jou  and  Menon,  1987,  1990)  and  will  not  be  repeated 
here.  However,  soma  pertinent  issues  related  to  the  imple¬ 
mentation  of  tbs  numerical  boundary  conditions  are 
reviewed  here. 

For  the  spatially  developing  flow  problem  studied  here, 
the  inflow  and  outflow  boundaries  are  computational  boun¬ 
daries.  The  implementation  of  proper  inflow/ outflow  condi¬ 
tions  Is  very  important  to  ensure  that  no  spirious  (numerical) 
acoustic  waves  are  generated.  In  the  ramjet  model  simulated 
here,  a  convergent-divergent  nossle  is  attached  downstream 
of  the  combustor.  This  is  similar  to  a  real  operating  ramjet 
conflgwation.  The  flow  through  this  nossle  is  choked,  and 
the  outflow  at  tits  downstream  computational  boundary  is 
supersonic.  Since  at  a  supersonic  outflow  all  characteristic 
waves  (La.,  the  acoustic  waves,  the  entropy  wave  and  the 
vortidty  wavs)  are  outgoing,  the  Imposed  boundary  condi¬ 
tions  erUl  not  affect  the  interior  flow  Arid. 


For  tin  ramjet  configuration  shown  in  Figure  la,  subsonic 
inflow  condition*  on  employed.  Them  inflow  condition*  ora 
similar  to  the  condition*  used  in  *otn*  of  th*  experiments 
(•4.,  Gutmark  *t  al.,  1989).  Numerically,  at  th*  subeonic 
inflow  three  boundary  condition*  (th*  stagnation  pressure, 
th*  stagnation  tamparatur*  and  tb*  local  flow  inclination)  an 
specified  corr —ponding  to  th*  thm*  incoming  characteristics 
(Le.,  th*  vcrticity  wave,  tb*  entropy  wwv*  and  th*  right- 
wmning  acouatic  wav*).  Th*  cbanct*ri*tic  variabl*  carried 
by  th*  outgoing  acouatic  wav*  i*  determined  by  solving  th* 
p*rtin*nt  decoupled  interior  characteristic  aquation. 
Although  thi*  **t  of  boundary  condition*  i*  physically  reaaon- 
abl*,  than  i*  potentially  *ocn*  uncertainty  in  th*  verification 
of  th*  stagnation  praasur*  rincs,  in  unsteady  flow*,  it  would 
contain  a  contribution  from  th*  tan*  derivative  of  th*  velo¬ 
city  potential.  Tb*  application  of  tb***  boundary  condition* 
impii**  a  cartain  "impedance*  condition.  Earlier,  th*  charme- 
tarhtica  of  th*  current  knpedane*  condition  were  examined 
by  a  Un*ari**d  analyst*,  and  th*  condition  waa  proven  to  be 
of  th*  dampii^  type.  Thu*,  prwsur*  diaturbanc**  reaching 
the  inflow  boundary  will  not  get  amplified. 

Th*  abov*  noted  uncertainty  du*  to  a  tubaonie  inflow  can 
b*  avoided  if  the  full  ramjet  configuration  a*  ihown  in  Fig¬ 
ure  lb  i*  modeled.  For  such  a  realistic  ramjet  geometry,  the 
inflow  is  supersonic  and  all  characteristics  are  incoming. 
Thus,  all  conditions  can  be  specified.  The  supersonic  inflow 
slows  to  a  sonic  condition  (chokes)  at  the  inlet  throat  and 
then  becomee  supersonic  again  for  a  abort  distance  down¬ 
stream  of  the  throat.  Further  downstream,  the  flow  becomee 
subsonic  due  to  the  inlet  shock  that  resides  under  stable  con¬ 
ditions  in  the  divergent  part  of  the  inlet  ncesle.  In  a  practical 
ramjet  device,  it  has  been  noted  that  the  flow  oscillations 
downstream  of  the  shock  in  the  inlet  diffuser  may  participate 
in  the  flow  oscillations  in  the  combustor  (Bogar  and  8ajben, 
1979).  The  shock  also  undergoes  longitudinal  oscillations 
that,  under  some  circumstances,  can  become  large-amplitude 
oscillations  resulting  in  the  engine  unstart  phenomenon 
described  earlier. 

The  full  ramjet  engine  is  being  numerically  modeled  in  a 
new  study.  Although  a  detailed  analysis  of  this  study  will  be 
presented  elsewhere,  some  preliminary  results  are  shown  in 
Figure  2.  Figure  2a  shows  a  time  aaquence  of  vorticity  con¬ 
tours  in  the  ramjet  during  cold  flow  in  a  full  ramjet  engine. 
Figure  2b  abowa  the  typical  Mach  contour*  fat  tb*  combustor. 
For  this  simulation,  tb*  frock  undergo**  only  a  wnall- 
amplitud*  oscillation  about  its  stable  location  in  th*  inlet 
diffuasr.  Analysis  of  th*  flow  fi*ld  indicatea  that  th*  boun¬ 
dary  layar  on  th*  inl«t  duet  wall  undergo**  unsteady  separa¬ 
tion  downstream  of  the  inlet  shock.  Thi*  asperated  shear 
layar  roll*  up  into  coharant  vortical  structure*  aa  s**n  in  Fig¬ 
ure  2a.  Th*  boundary  layar  aomatimaa  reattach**  on  th*  inlet 
duct  wall  befora  finally  atparating  at  th*  dump  plan*.  Down¬ 
stream  of  tb*  dump  plan*,  this  wparated  shear  layar  alio 
undergo**  vortex  rollup  a*  men  fat  earilur  cold  flow  studies 
(Menon  and  Jou,  1990a).  Complex  vortex  motion*  and  merg¬ 
ing  ptwc«ms»  am  observed  In  tb*  mmbustev  a*  a  coma 
quanc*  of  th*  boundary  layar  separation  in  tb*  inlet  duct  and 
tb*  shear  floe*  In  tb*  cteifrwntor.  Many  of  th*  flew  features 
observed  during  tbia  frknulation  (and  in  othar  simulations  iri 
shown  her*)  am  In  good  quaUtetiv*  agrasnoant  with  th* 
observation*  by  Bo  jar  and  tajbtei  (1979).  Cmrantiy,  combus¬ 
tion  h  b*b«  initiated  in  th*  full  ramjet,  and  tb*  result*  will 
b*  reported  fat  th*  future. 

2.2  The  Cesetation  Mods! 

To  timnlat*  combustion  Instability,  an  accurate  evaluation 
of  th*  chemical  hast  raise  os  Is  required.  In  particular,  th* 
amount  of  hate  ml  mm  and  Ms  time  dspenriiul  spatial 


distribution  must  b*  accurately  computed.  Th*  flam*  can  bt 
treated  a*  a  dbcootinuMy  and  numerically  captured  a*  a 
smaamd  discontinuity  as  long  aa  th*  important  physic*,  such 
as  th*  amount  of  hast  ml****  at  th*  flam*  sheet,  can  b*  accu¬ 
rately  computed.  For  LES  of  prembtsd  combustion,  such  a 
thin- flams  modal  is  a  good  approximation,  since  in  LES  the 
hug*  acal*  coherent  structures  are  computationally  rmohrablc 
fa*tur*a  and  th*  flams  it  only  thickened  by  tike  subgrid  tur¬ 
bulent  diffusion.  Thi*  model  is  also  preferable  to  model*  in 
whieh  d*taii*d  finite  rat*  htmtica  am  considered.  In  finite- 
rate  models,  th*  numerical  Emulation*  an  presumed 

to  th*  load  flam*  speed  implicitly  and  thus  the 

•mount  of  hast  ml****.  Sine*  th*  flam*  sp**d  depends  upon 
th*  ifltelprtlnn  machanhm  in  tit*  flam*  structure,  tide  implies 
that  tb*  internal  struct***  of  tb*  flame  must  be  resolved  (Wil¬ 
liams,  1985).  However,  this  b  not  practically  achievable, 
sine*  in  LES  th*  numbsr  of  grid  points  that  can  ba  used  b 
limited  by  th*  capacity  of  th*  computer,  and  therefor*  an 
adequate  resolution  of  th*  llama  ataructun  b  not  possible. 
Furthermore,  all  numerical  schemes  have  some  form  of  artifi¬ 
cial  dissipation,  cither  built  into  the  schema  or  explicitly  pro¬ 
vided  to  stabilise  the  computations.  Thus,  the  computed 
flame  structure  and  th*  local  flams  speed  an  contaminated 
by  the  numerical  dissipation  and  could  in  fact  be  completely 
overwhelmed  by  the  numerical  diffusion. 

To  circumvent  this  problem,  a  model  for  premixed 
combustion  based  on  th*  tbin-fiame  modal  (Williams,  1985; 
Kerstein  at  al.,  1988)  was  incorporated  (Menon  and  Jou, 
1990b).  In  this  modal,  the  local  turbulent  flame  pud  */■ 
appears  explicitly  and  b  determined  as  a  function  of  tb*  lam¬ 
inar  flam*  spaed  %  and  th*  local  subgrid  turbulence  intensity 
s'  using  the  renormalbation  group  (RNG)  theory  model  of 
Yakhot  (1989).  Tb*  effects  of  detailed  chemical  kinetics  are 
contained  in  tile  laminar  flame  speed,  and  a  progress  variable 
G  b  defined  which  b  governed  by  th*  conservation  aquation 

|vg|  (1) 

where  *,■  at*  the  fluid  velocities,  G  =  1  for  tb*  fuel  mixture, 
and  G  =  0  for  th*  combustion  product. 

Th*  turbulent  flam*  speed  V  b  given  by  the  RNG  model 


Yakhot  (1989)  found  that  Equation  (2)  correlates  quite  well 
with  various  experimental  observations.  Th*  laminar  flame 
•peed  contains  information  on  tb*  chemical  kinetics  and  the 
molecular  dissipation;  one*  th*  local  subgrid  tiabulence 
Intensity  b  determined,  Equation  (2)  can  b*  used  to  find  ay 
for  a  given  fuel  mixture. 

The  chemical  beat  release  b  a  function  of  G  and  the 
specific  chsmical  energy  of  the  fuel  mixture.  Th*  chemical 
energy  of  the  mfarti**  b  included  in  the  formulation  by  speci¬ 
fying  the  psdfie  enthalpy  k  of  the  sfrfrss  in  the  eoesgy 
equation  ask  *  OrT  +  k/G.  Hate,  5/  b  the  heat  of  forma¬ 
tion  of  th*  premixed  tael,  C,  b  the  gpedfie  bent  of  the  mix- 
tt*e  at  constant  preen**,  and  Tb  the  temperature.  The  beet 
of  fnrmatlnn  of  the  fuel  ementtally  determinw  the  amount  of 
hast  nliaasd  during  enmhintion  and  thus  b  a  taction  of  the 
equivalence  ratio  for  a  given  fuel.  The  product  temperature 
T,  can  be  ertfcmtad  for  agivon  heat  of  formation  for  the  fuel 
by  the  relation  k/  «  Of[Tp  -  1%),  where  Tf,  b  the  fuel 
temperature  at  the  inlet.  In  the  simulations,  the  romhurtinn 
product  temperate*  b  initially  ^eeffied,  and  the  beat  of  for¬ 
mation  b  d«t mined  from  Equation  (4). 

Due  to  the  expUeit  sppearance  of  the  local  flame  yed  in 
Equation  (1),  the  amount  of  boat  relam  do**  net  depend  on 
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tfa«  computed  bteml  structure  of  the  flam*.  Evsn  whan 
nnarictl  diffusion  broedene  tha  flame,  the  flame  speed  ia 
not  severely  affected.  Tha  effect  of  numerical  broadening  to 
shown  in  Figure  8.  In  a  discontinuous  flama  modal  (Figure 
9a),  tha  flama  pmpaptai  at  a  velocity  a f  into  tha  mixture. 
Tharafora,  tha  amount  of  foal  eonvaatad  to  product  to  propor¬ 
tional  to  ay  At,  whara  At  to  tha  tbnsatep.  Whan  tha  flame  to 
broadened  by  numerical  diffurion,  the  smeared  flame  rtill 
propagates  into  tha  foal  mfactura  with  flama  apaad  a f,  and  tha 
amount  of  foal  mixture  converted  to  product  to  approxi¬ 
mately  tha  aame  aa  in  tha  dtoeontinuou*  flame  modal,  aa  can 
be  aaan  in  Flgiwe  8b.  It  waa  shown  earlier  (Menon  and  Jou, 
1900)  that  numerical  diffuaion  doer  not  significantly  affact 
tha  dynamics  of  tha  flama  propagation. 

U  The  Bubgrid  Modal 

In  a  practical  ramjet  device,  tha  Reynolds  number  of  the 
flow  to  extremely  high.  A  LES  of  such  a  flow  would  requite 
a  validated  aubgrid  model.  Subgrid  models  for  compressible 
flows  have  Just  begun  to  be  imraatigatad  (eg.,  Yoahtoawa, 
1986;  Eriabachar  at  al.,  1987).  At  preaent,  it  to  not  dear 
what  to  an  appropriate  aubgrid  model  for  flows  such  as  thoas 
in  a  ramjet  combustor.  It  to,  however,  apparent  that  to  close 
tha  combustion  modal  described  in  Section  2.3,  tha  subgrid 
turbulence  intensity  must  be  determined.  Therefore,  a  one- 
aquation  model  far  tha  aubgrid  turbulent  kinetic  energy  of 
the  form 

*£  +  =pk-Dk  +  (8) 

to  currently  being  evaluated.  This  modal  can  be  viewed  as  a 
simple  extension  of  Schumann’s  modal  (ag.,  Schmidt  and 
Schumann,  1989)  Hare,  f  and  a,-  are,  respectively,  tha  filtered 
large  scale  (resolved)  density  and  velocities,  and  k  =  ~(a,-'3) 

to  tha  aubgrid  turbulent  kinetic  energy.  Also,  Pk  and  Dk  are, 
respectively,  the  production  and  dissipation  of  t  and  arc 
modeled  hare  aa 

Pk  =  Ok  pitfSFgfg)  (4) 

and 

j» 

Dk  =  C.A^~  (*) 

Hare,  5,y  =  to  tha  strain  tensor  in  tsnns  of 

2  PMj  vS,‘ 

the  resolved  velocity  field  and  v,  to  the  aubgrid  eddy  viscos¬ 
ity,  which  to  related  to  tha  aubgrid  kinetic  energy  by  the  rela¬ 
tion 

X 

*,  .  C„k*A,  (8) 

where  A,  to  the  characteristic  grid  tom.  Also,  Ok,  O,  and  O, 
are  rnnetanta  that  will  have  to  be  determined.  Seme  prelim¬ 
inary  estimates  tor  them  torments  can  be  obtained  based  on 
tha  etudtos  by  Schumann.  Once  ft  to  known,  the  aubgrid  tur¬ 
bulence  Intensity  •'appearing  in  Equation  (3)  can  be  easily 
iletsmilneil  (a*  *  Wft  ).  This  ft  aquation  model  can  also  be 
used  to  determine  the  tawbulent  aubgrid  fluxes  appearing  in 
the  namtan  equations  using  an  approach  similar  to  that 
deecrftsd  by  Schumann  (eg., Schmidt  and  Schianann,  1989). 

At  pnnnt  this  model  to  undergoing  evaluation  wing  the 
foil  rasajet  geometry  and  wing  last  conditions  tomflar  to  soma 
poet  axperimenti  (Oump  at  al.,  1988),  However,  there  are 
•tfll  many  toeuse  that  need  to  be  resolved,  for  example,  the 
type  of  Atoning  to  be  wad,  torn  effect  of  variebie  grid  distri¬ 
bution,  tha  near  wall  modifications  to  the  eddy  vtocoeity  (eg., 
Piomelli  at  al.,  1900)  and  the  proper  dooms  for  the  Leonard 
and  cross  terms  so  that  Am  filtered  equations  maintain 


Galilean  invariance  (eg.  Specials,  1998;  Garmano,  1990). 

Sacs  the  above  model  to  not  yet  operational,  all  mnula- 
tione  carried  out  so  flu  ware  far  flows  in  a  moderate  Rey¬ 
nolds  number  range.  This  to  coruhtorad  a  fint  step  towards 
understanding  the  complex  physical  processes  involved  in  the 
ramjet  combustor.  To  modal  tbs  dhaipaHrs  effects  of  the 
mbgrid  turbulence,  a  constant  eddy- viscosity  model  to 
employed.  This  eddy- vtocoeity  to  chosen  to  be  the  laminar 
dissipative  coefficient  at  the  reference  temperature  and  can 
be  viewed  as  a  simple  subgrid  model,  as  noted  by  Fanager 
and  Lesha  (1979).  A  uniform  value  of  tha  aubgrid  turbulent 
intensity  to  also  used,  typically  a  nail  percentage  of  the 
reference  velocity.  Some  important  physical  properties,  such 
a*  the  yatial  nonuniformity  of  aubgrid  turbulence  and  its 
effect  on  the  local  flame  meed  and  the  amount  of  beat 
release,  are  not  Included  at  present.  However,  as  drown  ear¬ 
lier  (Meson  and  Jou,  1990b),  tha  major  qualitative  interac¬ 
tions  between  the  large  ecels  vortex  structures  and  the 
combustion  beat  release  have  been  captured  by  the  present 
simulation  model.  The  effect  of  nonuniform  aubgrid  tur¬ 
bulence  on  the  turbulent  flame  qpeed  and  on  combustion  ins¬ 
tability  will  be  included  once  the  one-equation  aubgrid  model 
described  above  has  been  fully  implemented. 

8.  SIMULATION  Of  COMBUSTION  INSTABILITY 

The  details  of  tha  simulation  of  combustion  instability  in  a 
ramjet  combustor  era  described  elsewhere  (Menon  and  Jou, 
1990b).  The  present  focus  to  on  active  control  of  the  numeri¬ 
cally  simulated  combustion  instability.  Before  describing  the 
control  studies,  however,  some  important  features  of  the 
computed  instability  are  described  in  thie  section. 

In  general,  combustion  instability  in  a  combustor  depends 
upon  various  parameters  such  as  the  system  geometry,  the 
flow  parameters,  the  foal  type,  and  the  equivalence  ratio.  In 
the  earlier  study  (Menon  and  Jou,  1990b),  in  addition  to  the 
flow  parameters  (eg.,  the  Mach  number  If  and  the  Reynolds 
number  Re)  and  the  geometrical  parameters  (eg.,  L,-,  L, 
Amm/A*  ;  ess  Figure  la),  taro  knportant  thermochsmical 
parameters  arsre  identified.  One  tofts  Tp/T„  which  to  the 
ratio  of  the  product  temperature  to  the  stagnation  tempera- 
turs  Tt  ;  the  other  to  r  =  v/%a/>  which  to  the  ratio  of  the 
characteristic  flame  speed  to  the  characteristic  reference 
velocity  a,,/.  Far  a  fixed  fuel  mixture,  ft  can  be  related  to  the 
equivalence  ratio  ft,  and  o  can  be  related  to  the  chemical 
kinetic  rate  and  the  level  of  aubgrid  turbulence.  The  affects 
of  varying  the  geometrical  parameters,  the  ratio  between  the 
inlet  and  throat  areas  Am„/a*  and  the  thermochsmical 
pars  meters  ft  and  o  have  bean  studied  (Menon  and  Jou, 
1990b).  b  was  determined,  that  tnciaaeing  »  with  the  other 
parameters  held  fixed  excites  the  large-amplitude,  low-¬ 
frequency  pressure  oedllatione  typical  of  combustion  instabil¬ 
ity  in  a  ramjet.  This  instability  eras  also  excited  when  the 
area  ratio  A^/A*  was  increased.  Tha  area  ratio  to 
tocreaead  by  reducing  the  nastis  throat  area  A*.  Thie 
decreases  tbs  inlet  maos  flow  rate  and  reduces  the  inlet  mean 
flow  vriodty  «*,.  Thus,  the  affect  of  Increasing  the  area  ratio 
can  be  Interpreted  as  aa  inrrssss  in  tbs  affective  tharmo- 
pataxaster  a*  =  ap/%,  ■  s(*^/aj.  This  appears 
to  Indicats  that  <r*  nay  bs  s  more  general  thermochsmical 
parameter  than  s. 

In  this  section,  two  townbtione  will  be  rteerrihsrt  that 
showed  two  different  types  of  combustion  Instability:  a 
■nail  amp  Hturis,  high-frequency  cosnbustioo  instability  (Type 
I)  and  a  lags  amplitude,  low  frequency  combustion  instabil¬ 
ity  (Type  n).  Both  types  of  testability  have  been  observed  in 
various  experhnantal  audits  (eg.,fodth  and  Xukoski,  1988; 
Starling  and  Suhorid,  1987;  Schadow  at  al.,  1987).  The 
active  control  of  them  instabilities  trill  be  the  focus  of  this 
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paper  and  ia  described  in  tha  naxt  taction. 

For  both  tha  rimnlatinna  diacuaaad  bar*,  tha  flow  parama- 
taaa  auch  at  tha  reteanc*  Reynold*  aumbar  and  tha  rateanca 
Mach  number  wara  bald  fixed  at  Ra  =  10,000  and  if  =  0.31, 
iwpacthraly,  baaad  on  tha  Inlat  duct  diamatar  and  tha  refar- 
anca  velocity  o f  a^  =  100  m/aac.  Tha  tbanaochandcal 
parameter*  t  and  *  wan  alao  bald  (head  at  #  =  S  and 
m  w  0.06.  For  #  *  I,  tha  product  temperature  Tf  waa 
1800  K.  All  yet  am  (geometrical)  paaamatara  auch  aa  H,  L;, 
and  L  waco  bald  find  for  both  famuli  tinne  axcap t  for  tha 
ana  ratio  pamnatar  A-_v/4*  which  waa  incraaairi  from 
1.0«  for  tha  Type  I  bwtabiUty  ahnulation  to  1.30  for  tha  Typa 
n  Thia  raauha  in  an  htcnaaa  fat  tha  tharooochami- 

cal  pamnatar  o*  from  0.041  to  O.OM.  In  tha  foflowiig  aac- 
tiona,  aw  daacrfca  aoma  parthwnt  faaturaa  of  Typa  I  and 
Typa  II  combuatioa  tnatabflitiaa. 

U  flwaH-AwpHteate,  ■fch-Frsqew.ry  Instability  (Typa  I) 

Dwfal  a  Typa  I  combustion  instability,  tha  praaewe  oaefl- 
lationa  initially  abow  a  hip  anqilitude,  low  frequency  oac il¬ 
lation  that  eventually  decay*  eo  Oat  only  a  high-frequency 
oacillation  nmafaa.  Spectral  analyaia  of  tha  high-frequency 
oac  illation  ahowad  a  dominant  peak  at  around  93*  Ha. 
Further  analyaia  showed  that  thia  oacillation  ia  a  traveling 
wave  in  tha  ccmbuator.  The  peafc-to-peak  level  of  the  high- 
frequency  peearur*  fluctuat  on  it  around  IS  percent  of  tha 
mean  praaaura,  aa  ahown  fat  Figure  4a.  Thia  waa  around  throe 
tana*  higher  than  that  obatrvad  in  earlier  cold  flow  atudiaa 
(Me non  and  Jou,  1000a).  Although  the  fluctuation  level  ia 
■nail,  it  ia  by  no  maana  inaignificant  for  a  realistic  ramjet 
combustor  and  may  be  sufficient  to  expel  the  inlet  shock. 

Flow  visualisation  showed  that  the  shear  layer  separating 
at  the  rearward-facing  iep  tolls  up  into  vortices;  further 
downstream,  these  voatfeer  undergo  pairing  a*  oba arced  in 
earlier  cold  flow  atudiaa.  Tha  flams  front  initially  reaidaa 
along  tha  high  shear  region  in  the  shear  layer,  and  aa  tha  vor¬ 
tex  roll  up/pairing  procaaa  occur*,  tha  flam*  ia  entrained  into 
the  vortical  structure*.  The  typical  flam*  structure  and  vorti- 
city  field  diatributioa  far  thia  ahnulation  ia  ahown  fat  Figures 
4b  and  4c.  Far  comparison,  a  flow  viaualiaation  by  Smith  and 
ZukoaM  (1038)  for  premheed  •stable*  combustion  in  a  two- 
dfananaional  combustor  ia  ehoem  in  Figure  4d.  Thar*  is  qual¬ 
itative  sgrasmenr  between  tha  menarical  and  experimental 
lAwcvaliow  aa  dlacuamd  in  Menon  and  Jou  (1900b). 

U  larp  AwpUtwta,  ham  Frsquwcy  Iwtehility  (Typa  n) 

Owing  a  Typa  □  cosabrntfan  fawtability,  the  praaaura  fluc- 
tuationa  abow  a  large  amr'lltuda,  low  frequency  oscillation 
with  paah  to  peak  levels  ar  iond  SO  percent  of  tha  mean  pres 
awe,  aa  ahown  in  Flgwa  So.  Tha  ner  illation  rapidly  reach**  a 
Ihniting  cycle  and  abow*  a  typa  of  praawra  signature  that  h 
typical  of  what  is  obaarvad  during  combustion  batabOity. 


Figiae  Sd.  Further  analyaia  was  carried  out  by  Menon  and 
Jou  (1000b),  and  it  waa  shown  tbar*  that  many  characteris¬ 
tic*  of  this  Type  II  combustion  instability,  auch  aa  tha  pree¬ 
ns*  and  velocity  fluctuation  lavaia,  tha  phase  relation 
between  the  pc  secure  and  velocity  fluctuation*,  and  varioiw 
faaturaa  of  tbs  vortex/flam*  structure  propagation,  qualita- 
thraiy  agreed  with  experimental  observations. 

A  ACTIVE  CONTROL  OF  COMBUSTION  INSTABILITY 

Using  tha  stored  data  for  tham  two  afamdatiniia,  a  new 
study  was  initiated  to  faivaartgata  tachniqua*  to  controlling 
both  typa*  of  inatabittto.  Expat  kuantally,  that*  are  varioua 
appaoachaa  being  considered.  In  general,  active  control  stra¬ 
tegic*  foil  in  three  categorise:  control  wing  acoustic  feed¬ 
back  (eg.,  Lang  at  al.,  1M7;  Pofawot  at  *1.,  1M7;  Gutanark  at 
al.,  1900;  Schadow  at  al.,  1M0);  control  by  unsteady  modifi¬ 
cation  of  Am  inlat  mass  flow  rata  (ag.,Bloxsidg*  at  al.,  1088), 
and  control  by  maidpulatioo  of  the  unsteady  heat  release  in 
the  combustor  (ag.,I*ngbon>*  and  Hooper,  1080).  Each  of 
these  methods  has  ahown  promise  fat  laboratory  testa.  In  this 
paper,  tha  focus  of  the  nwnarkal  experiments  is  the  atudy  of 
active  control  uaing  acowtic  feedback  and  secondary  fuel 
injection. 

Al  Accaelic  Feedback  Coafrol 

Active  control  through  neouteic  forcing  eras  demonstrated 
earlier  by  Lamt  at  al.  (1087)  and  Pofawot  at  al.  (1987).  The 
latter  atudy  showed  that  this  technique  provided  the  capabil¬ 
ity  of  turning  the  fawtability  on  or  off  at  will,  thereby  provid¬ 
ing  a  maana  to  atudy  tha  transient  behavior.  It  waa  also 
ahown  that  the  power  required  to  control  waa  quite  small 
and  that  control  can  be  achieved  over  a  wide  range  of  phase 
difference*.  This  indicates  that  the  control  technique  is  not 
an  anti-aound  approach,  erhkh  would  hava  required  a 
qpadfle  phase  relation.  Racsnt  studies  at  NWC  (eg.,  Scha¬ 
dow  at  al.,  1990;  Gutmaik  at  al.,  1990)  hava  further  demon¬ 
strated  that  acowtic  feedback  control  of  the  combustion  faw¬ 
tability  in  a  ramjet-type  configuration  is  possible. 

A  typical  acowtic  feedback  system  wad  in  the  experi¬ 
ments  involves  a  iouchpeaksr /microphone  systwn  far  the 
activa  control  loop.  In  this  technique,  the  pressure  signal  is 
■awed  at  aonw  chosen  location  wing  a  microphone  (or  a 
praawra  transducer).  Tha  signal  is  analysed,  phase  shifted 
(or  time  delayed),  and  amplified,  and  than  fad  back  at  aonw 
other  chosen  location  wing  a  loudspeaker  (sea  Figure  la).  If 
tha  control  signal  from  tha  loudapaakar  destructively  inter 
feres  with  the  preserve  oscillation  in  the  combustor,  then  the 
oac&latiow  will  become  damped,  thereby  achieving  control 
of  the  Instability.  Hate,  a  Mar  tachniqua  baa  bean  studied 
numerically.  To  account  to  tha  affect  of  tfcna  daisy  in  the 
control  system,  a  control  signal  area  chosen  auch  that 

Pw'M  *  (7) 


during  a  Type  I  teatahility-  A  tog*  hooked- flame  structure 
propagate*  through  tbs  comhwter  at  a  low  frequency,  and 
mao  dated  with  this  flame  ia  a  large  mushroom  shaped  vorti¬ 
cal  structure.  The  rnanhlnad  vortex/flam*  structure  pro¬ 
pagates  through  the  Mmbwter  at  tha  earn*  lew  frequency, 
flpactral  analyaia  showed  that  the  dominant  mode  of  oscilla¬ 
tion  is  occurring  at  a  frequency  of  around  193  Ha.  The 
amplitude  and  phase  of  tha  presses*  peculation  at  various 
kcattow  far  tha  ctenhuator  ww  nearly  the  same.  Indicating 
that  till*  praawra  oadflattoi  la  rinrito  to  the  bulk-mode  oscB- 
Wtkxi  obMmd  Id  mom  npateMte. 

The  typical  flam*  riractur*  and  tha  veriirity  field  aa* 
shown  in  Figures  ib  and  *c.  Far  somparieon.  the  aepartmaw- 
tel  vtoaHaaHon  of  flndtfa  and  SukoaU  (19M)  ia  shown  in 


G*  w  A,  is  an  ampHflratfcm  parameter  with  A,  a 
PmU 

eonatent  (typically,  A,  « 0.3,  uni***  otherwise  verified). 
Hate,  p  Indicates  the  tfana  mean  value  of  tha  praaaura  and  the 

Alan,  the  subscript  * 
ad  the  micro- 
la  determined  by  Eque- 
(7),  tbs  acoustic  velocity  a^‘  generated  by  this  pressure 
idyialf  wrfre*  is  datanninad  by  wing 
*  y*  P<f  lp*  Haae,  a  and  »  are  the 
diBfltjr  Bad  9nd  of  mad,  nyrlhtlji 
The  Inuto  taker  ia  modalad  aa  an  ndiahotir.  wow  catalytic 


■tribe*  (U^aOad^aO,  what*  n  fa  the  normal 
dir  action).  Typically,  tea  grid  points  along  the  baa*  of  the 
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■Up  were  UMd  to  nodal  Um  loudspeaker  wbci.  The 
perimeter  r  la  a  ydfiad  Una  dahgr  batwaan  tha  signal 
recorded  by  tha  microphone  and  tha  control  signal  uaad  to 
daiva  tha  loodapaakar.  In  tha  shwilaticew,  tha  time  daUy  r/T 
whara  T it  tha  tea  paaiod  of  tha  oacOlatioB  (  T*  1.07  meac 
for  a  Typa  I  oacfl  latino  and  T  m  6.0)  msec  for  a  Typa  II 
nar illation),  la  pteglad  prior  to  Initiation  of  tha  active  con¬ 
trol.  At  praaant,  a  ayriaaaatk  study  of  tha  affect  of  varying 
tha  thna  delay  (or  phaaa)  haa  not  baan  carriad  out.  However, 
aoana  aflacta  of  varying  tha  thna  May  have  baan  tavssti- 
gatad,  and  Um  raauHs  of  than  dmnlatWina  ara  diacuaaad 
below. 


Ui  Active  Conlrol  of  Type  I  laaNNHty 

During  a  Typa  I  instability,  tha  peeasme  fluctuation  at  tha 
ban  of  tha  stap  ahowa  a  paak-to-paak  laval  of  around  15  par- 
cant  of  tha  mnn  praaaura  n  shown  in  Figtaa  4a.  For  refar- 
anca,  a  abort  thna  hatarral  of  tha  praaaiu*  fluctuation  la 
shown  again  in  Figura  6a.  A  control  ayatacn  as  shown  in  Fig- 
ora  la  and  obeying  tha  control  law  n  (bran  by  Equation  (7) 
•ara  choaan  for  tha  atudy.  Cross  correlation  analysis  of  tha 
uncontrolled  pressure  fluctuations  at  tha  mkrophona  and 
speaker  locations  was  carriad  out.  Tha  raault  is  shown  in 
Figure  6b.  This  figura  shows  that  for  a  r/T «  0  tha  praaaura 
fluctuations  at  tha  two  locations  ara  nearly  perfectly  asfs 
tab  correlated.  This  indicates  that  a  thna  delay  close  to 
aaro  should  be  effective.  Figure  6c  ahowa  the  praaaura  fluc¬ 
tuations  at  tha  bass  of  tha  stap  with  active  control  using 
r/T—  0.03.  Clearly,  tha  controller  is  quite  effective  in 
reducing  the  peak-to-peak  pressure  fluctuation  laval  from  IS 
percent  to  lass  than  4  peccant  of  tha  mean  pressure. 

Figure  6d  shows  the  pressure  signal  at  tha  dump  plana 
with  another  that  delay  of  r/f*  0.16  used  for  the  control. 
In  thie  case  also  tha  control  is  quits  effective,  erith  the  paak- 
to-paak  preaama  fluctuation  again  decreasing  to  around  4 
peccant  of  tha  mean  praaaura.  Thie  figure  also  shows  tha 
effect  of  turning  off  tha  control  at  a  later  stage.  The  pressure 
fluctuation  quickly  recovers  to  the  levels  observed  earlier 
with  no  control.  Note  that,  for  r/T*  0.16,  tha  correlation 
coefficient  ia  still  negative.  Thie  seams  to  awggaat  that,  for  a 
choaan  thna  delay,  if  tha  correlation  batwaan  tha  praaaura 
signals  from  tha  mkrophona  and  loudspeaker  locations  is 
negative,  than  tha  control  may  ba  affective.  This  would 
imply  that  than  may  be  a  range  of  thna  delays  for  which 
control  of  tha  instability  ia  possible.  A  sbnflar  observation 
was  made  in  an  experimental  study  at  NWC  by  Schadow  at 
al.  (1000).  They  showed  that,  in  their  test  rig,  tha  control 
was  moat  affective  within  a  pacific  phase  nogs  of  >50-330 


That  auch  an  affacUvansm  range  fat  terms  of  thna  delay 
odds  can  ba  ascertained  from  the  ahimlatiriia  by  cesnparing 
the  pressure  signal  shown  hi  Figura  6a  with  tha  earlier  starn- 
lationa  (Figures  Oc  and  Od).  Figure  6a  ahowa  tha  praaaura 
aignal  taring  active  control  with  i,  •  1  and  a  thna  delay  of 
r/T*  0.6.  For  this  choaan  thna  delay,  tha  correlation  coeffi¬ 
cient  la  riroegiy  parities  as  can  ha  assn  hi  Figwe  6b.  It 
appears  that  in  this  case  tha  control  aignal  has  only  a  small 
affect  an  the  high  fraqnnnry  acrlflaHaai,  and  tha  paak-to-paak 
fluctuation  laval  is  not  raducad. 


for  a  certain  rang#  of  thna  delay*. 

Flow  viauaUmtinn  of  tha  flama  propagation  during  actira 
control  riiouad  that  tha  fhana  structure  does  not  changa  in 

hdlsd  can*  (Figura  4b).  flpactral  aamiyak  of  the  praaaura 
fluctuation  in  tha  coanhuator  abound  that  as  the  control 

036  Ha  to  around  1  kHs.  Whan  tha  control  k  turned  off,  tha 
frequency  ihupa  back  to  the  orfrhiel  vatu*. 

4X3  Active  Owti  el  cf  T^paH  larishffltg 

Tha  active  control  riratagy  employed  for  tha  control  of  a 
Typa  I  instability  was  than  applied  to  tha  Typa  □  instability. 
A  typical  thna  trace  of  the  uncontrolled  praaaura  fluctuation 
at  tha  base  of  tha  step  during  this  instability  k  shown  in  Flg- 
vs  Ta.  Croas  correlation  batwaan  tha  p»  sense  signals  from 
the  dump  plana  and  tha  diffuser  location  6  showed  that  a 
peak  negative  correlation  occurs  around  r/T*  0.6.  This  k 
shown  in  Figure  7b.  Thna,  it  was  expected  that  tha  control 
signal  using  a  thna  delay  of  r/T*  0.6  wfll  ba  affective.  Fig¬ 
ure  7c  doaa  tha  praaaura  aignal  with  tha  active  control  sys¬ 
tem  turned  on  with  r/T*  0.6  for  tha  same  thna  period  aa  in 
Figure  7a.  It  is  dear  that  the  control  strategy  was  quite 
affective  in  reducing  the  preen  re  fluctuation  levels.  In  fret, 
the  peak-to-peak  level  of  peculation,  which  waa  around  60 
percent  of  the  me an  presume  for  the  uncontrolled  case  (Fig¬ 
ure  7a),  k  now  raducad  to  almost  4  percent  (Figura  7c), 
which  ia  about  tha  same  laval  aa  eras  achieved  for  the  Typa  I 
instability.  Aa  seen  in  the  figure,  tha  control  does  taka  a  cer¬ 
tain  amount  of  time  (roughly  equivalent  to  two  periods  of  tha 
loir-frequency  oar  illation)  to  become  affective.  However, 
increasing  tbs  gain  parameter  A,  reduces  the  overall  thna  to 
achieve  control  aa  described  hi  hfanon  (1990).  Tha  affect  of 
turning  off  tha  control  k  shown  in  Figura  Td,  which  shows 
the  praaaura  signal  altar  the  control  aignal  was  turned  off  at 
the  and  of  tha  simulation  shown  in  Figure  7c.  Although  it 
tehee  a  finite  amount  of  thna,  the  Type  D  Instability  returns. 

Another  simulation  waa  carriad  out  with  a  thna  delay  of 
r/T*  0.03  batwaan  tha  sensor  and  control  signal.  In  this 
casa,  cross  correlation  of  tha  original  signals  (Figura  7b)  indi¬ 
cates  a  strong  positive  correlation.  Figure  7a  ahowa  tha  pres¬ 
sure  rignal  for  this  control  caw.  This  figura  clearly  shows  that 
tha  control  hi  quite  poor,  however,  it  k  intonating  to  note 
that  tha  praasme  fluctuation  laval  does  decrease  slowly. 
Again,  as  in  tha  Typa  I  control  atudy,  thaaa  simulations  (and 
other*,  described  hi  Manon,  1900)  suggest  that  thsra  may  be 
soma  thna  delay  range  hi  which  optimum  control  of  the  insta¬ 
bility  it  poaribi*.  Fmthar  rimulattons  with  dlttnaut  thna 
delays  ara  planned  to  imdarriand  the  relationship  batwaan 
phaaa  and  control  affactivan— , 

Tha  propagation  of  tha  vortsx/fiaan*  riructure  seen  in  the 
uncontrolled  ease  (Figwe  6b)  is  also  changed  drastically, 
with  tha  flame  structure  now  takfa«  •  ahapa  similar  to  that 
observed  during  the  Typa  I  testability  rimuiatiou  (Flgrne  3b). 
A  typical  flama  riructure  in  tha  combustor  dining  control  of 
tha  Type  D  taxability  it  afaown  hi  Figura  ta,  corresponding 
to  tha  thna  shown  hi  Figura  7c.  Whan  tha  control  k  tinned 
off,  the  huge  amphtuds,  low  frequency  eecMattew  reappear* 
(Figure  Td)  and  tha  flama  structure  baghaa  to  return  to  the 
large  boohed  ahapa  aaan  in  Figura  fh.  Thh  b  shown  in  Ffe> 
me  lb  (rnawtp  ending  to  the  thna  shown  hi  Flgm*  7d). 

irrmnl  inilnti  of  the  pramme  fluff— Bon  It  tha  r  undue 
tor  both  with  and  without  active  attic!  (Flgrne*  7c  and  7d, 
isqparthali)  am  carriad  out.  Wbm  tha  eoutiol  is  first 
tinned  on,  the  dnmtaanl  196  Hi  aatWatit  frequency 
incTseeas  to  171  Ha,  hot  aa  tha  control  bi cornea  affactiva  and 
the  pramme  fluctuation  level  Mops,  oaky  a  high-frequency 


6 


fluctuation  at  around  1.*  kHa  main.  Thb  Inenaai  in  flue, 
ta  latino  frequency  during  active  control  b  rimfler  to  that 
observed  during  eontrol  of  tha  Type  I  toiwiletinn  described 
in  ■  action  4.1.1.  Wban  tha  control  k  tamed  off,  toe  dominant 
frequency  begins  to  decree*  and  the  ernpHtuda  Incmata 
antfl  finally  only  too  lira  frequency,  taiga  ampBtuda  nacfita- 
Uoo  remains. 

It  ia  abo  fariructare  to  look  at  toe  acouatic  power  uaad  to 
drive  the  lond^aakar  during  toe  eontrol  of  toe  Type  II  fawta- 
bility.  Figures  0a  and  fib  riiotr  the  acouatic  power  aa  a  func¬ 
tion  of  tone  for  too  control  rimiilaHnna  toown  in  Figures  7c 
and  7a,  reap  si  lively.  Hare,  tta  acouatic  power  (in  watta)  ia 
defined  aa 

»» 

p  *  *«■/**'«*'  T  *  (*) 

*i 

where  r,  and  Fj  are  the  radial  dknanaione  of  the  loudyakar. 
Note  that,  for  toe  axbymmetric  geometry,  toe  modeled 
loudspeaker  ia  actually  a  circular  atrip  of  thickness  (ig  -  rx). 
Flgtne  0a  ahowa  that,  initially,  toe  ioudapaakar  ia  driven  at  a 
high  power  level,  but  aa  the  control  bacomaa  affective  the 
power  levela  alao  dropa  off.  Figure  0b  toowe  that,  for  the 
caaa  wham  the  control  it  laaa  affective,  tha  power  level  ia 
quite  high  for  a  loogar  period  of  tone.  However,  it  ia 
intwacting  to  note  that  aa  tha  eontrol  bacomaa  aloarly  effec- 
thra  (am  Figum  7a)  toe  power  level  alao  bagfaa  to  drop  off. 
Them  data  indicate  Oat  for  effective  control  of  tha  Type  II 
inata bdity,  a  large  power  level  ia  required  only  tor  a  abort 
tone  initially,  and  aa  control  hocomeo  effective,  toe  overall 
power  required  bacomee  quite  low.  Tha  acouatic  power 
mquhad  to  drive  toe  kxvhgi  eater  during  control  of  the  Type 
I  hwhibiUty  (not  ahown  ham)  ia  much  lower  (by  an  order  of 
magnitude)  whan  compared  to  the  power  requheraents  for 
the  Type  II  control.  Thue,  the  power  requirement  for  coo- 
trolling  the  Type  I  featebflity  remeine  quite  low  all  the  tone. 
This  computed  low  power  requirement  far  achieving  control 
ia  hi  qualitative  epemeit  with  the  experimental  reeulta  of 
Potent  at  al.  (1007). 


injected  axially  behind  tha  atop,  the  cold  fuel  eaten  the  mdr- 
culatioo  eooe  wbmo  primarily  hot  prodnet  aodris.  Thua,  the 
fieri  hmnidlatety  igwhaa  and  buraa.  However,  when  aecoo- 
dery  teal  ia  bteoducod  iqirinem  of  too  dump  plone,  toe  pri¬ 
mary  drum  ia  aUU  all  (cold)  tori  and  ignition  will  not  occur. 
In  thie  caaa,  the  affect  of  eeeondery  fieri  addteion  wfll  be  to 
heemaee  too  total  mam  flow  of  tha  tori  enfcarh«  the  combue- 


Tba  injection  conditiona  warn  datenninad  by  fkat 
praacttotog  a  reference  parameter,  it  *  wham  m^- 

k  the  mam  floor  rata  of  tha  aarondary  fieri  injected,  and  n^ 
ia  the  reference  am  flow  rata  at  toe  inlet,  flyatmntii.  varia¬ 
tion  of  it  hae  not  yet  been  carried  out.  All  rimuletione 
deecribed  ham  warn  carried  out  for  fif  =  0J.  Thie  ie  higher 
than  the  eecondary  fieri  flow  rate  need  by  Langhorae  and 
Hooper  (1000).  However,  too  current  raaqjet  geometry,  toe 
control  qfatam  and  the  tori  conditiona  am  quite  different 
flam  their  axgierknerdel  setup.  Further  abimlationa  for  dif¬ 
ferent  choices  of  if  am  planned  for  the  future.  The  aecoo- 
dary  fieri  temperature  was  chosen  to  be  the  earns  as  the  fuel 
temperature  (7),)  of  the  primary  inflow  in  the  inlet.  The  flow 
inclination  was  ydfied  depending  upon  whether  it  ia  eewl 
injection  at  tha  base  of  tha  etep  (s  =  0)  or  normal  injection 
In  tha  inlet  (•  =  0).  Tha  injection  pressure  was  chosen 
depending  upon  the  typo  of  injection  control  system  uaad. 
For  steady  injection,  tha  injection  premum  was  too  earns  aa 
toe  primary  inflow  reference  pressure.  For  pulsed  injection, 
the  injection  pressure  ie  a  function  of  torn  depending  upon 
the  control  function  used  (described  below).  Finally,  the 
injection  velocity  b  determined  iwing  the  pmecribed  if  and 
the  other  glorified  flow  conditions. 

At  present,  only  a  few  simulations  uaing  both  steady  and 
unsteady  injection  have  been  carried  out.  However,  the 
results  obtained  ao  far  show  some  interesting  effects  of  secon¬ 
dary  fuel  injection  on  the  combustion  instability  mechaaten. 
Some  rape  seal  it  stive  results  am  Hierueeeri  ham. 

«A1  Actors  Control  of  T>pe  I  InatahiUty 


4J  Active  Coated  Using  Secondary  Foal  Injection 

Another  technique  that  has  been  shown  to  be  quite  effec¬ 
tive  in  controlling  the  low  frequency  Instability  is  manipulat¬ 
ing  tha  unsteady  heat  relearn  fa  the  comfcustor.  An  approach 
nice  awfully  demruwtretad  by  lemghome  and  Hooper  (1969) 
involved  Introducing  secondary  (pramixed)  fuel  into  toe 
ccmbuator.  In  this  technique,  toe  control  system  uses  addi¬ 
tional  beat  ml  sees  to  modify  the  acouatk  energy  balance  in 
toe  coenbuetor.  They  rirowed  that  both  steady  and  pulsed 
eecondary  fbri  injection  can  result  in  affective  control  of  the 
InatebDity.  They  abo  to  owed  that  an  In  crease  In  tha  max- 
hnmn  available  thrust  b  pnarihli  rinca  tha  controller  allows 
stable  cnmtnwtioii  at  a  higher  fuel-air  ratio  than  pcwible 
without  active  control.  Fuel  modulation  b  abo  befag  studied 
at  HWC  (eg.,fldmdow  at  al.,  1960)  as  a  warn  for  controlling 
the  instability. 


secondary  fieri  injection  m  a  control  syrinti  Both  steady  and 
pubad  (unsteady)  Awl  injection  am  being  studied,  and,  ao 
ter,  tom  bcoMcna  have  bean  wad  aa  the  meendwy  fuel  injec¬ 
tor  iocatiaas.  Tha  find  bcaMan  waa  at  the  baas  of  the  etep  at 
appeonbaataly  the  same  laaatbn  wham  the  Inwtepmkw  ww 
faceted  (Figme  to,  It  ration  «,)  ter  the  ernintle  faadback 
toabol  riudy  (although  only  a  mealier  region  wflh  typically 
five  grid  potato  ww  wad  to  modal  toe  Injector).  Axial  Itari 
injection  was  modeled  at  thie  location.  The  mcood  location 
ww  juri  upttonm  af  the  dump  plane  In  the  tabl  duct  (Figum 
la,  location  eg),  and  annual  injection  (in  toe  negative  rdbee- 
ttao)  ww  nm dried.  Kota  that,  whan  secondary  fuel  b 


Two  rimulationa  era  described  ham  with  secondary  fuel 
injection  aa  a  control  eyetem  Tha  reference  uncontrolled 
fluctuation  during  the  Type  I  Instability  ww  the  earns  as  that 
toown  hi  Figum  6a.  The  earns  injection  conditions  worn 
uaad  for  both  rimulationa,  and  the  only  difference  was  the 
injector  location  A  pubad  injection  strategy  was  employed 
whereby  injection  was  tuned  on  eafy  whan  the  condition 
0  ww  satisfied.  Ham,  the  subscript  awe  indicates  toe 
ana  sanaor  location  1  aa  shown  in  Figum  to  Thb  method  b 
somewhat  rimihr  to  that  uaad  by  langhorae  and  Hooper 
(1989),  although  in  their  cam,  a  tone  delay  was  abo 
employed.  At  prseent,  rimtdatinna  wring  pubad  injection 
with  a  tone  daisy  have  not  bean  carried  out  but  will  be 
addressed  ip  toe  futons. 

Figme  10a  ahowa  the  premure  fluctuation  at  the  base  of 
Hm  frith  poind  sxhU  ipjictioD  st  Dm  lond^Mlnr  Ioca* 
tton  (Figum  to  heatiou  »i).  The  eontrol  appears  to  be  only 
weekly  effective  and  the  fluctuation  level  done  not  decrease 
rigaffkantfy  flew  the  wicontroUad  cnee.  A  very  high  fre¬ 
quency  awflfaHan  abo  ippieri  in  the  pnaeuri  rignal  dining 
thb  tomdattan. 


Figme  10b  toowe  the  aaaaa  pubad  wmdlllow  now  wad  to 
fajact  premised  Ami  jml  aprimam  of  toe  dmnp  plane  (Figme 
to,  Inretien  eg).  In  thb  case,  the  pleasure  fluctuation  actunlly 

Type  II  tactabfUty.  The  eriginri  high-frequency  oadPatton 


to  a  Type  D 
nte  to  i 


a  Type  H 


instability.  The  typical  flam*  structure  observed  during  the 
low  frequency  oecfflstkin  it  ihowri  in  Figures  10c  and  lOd. 

Tha  result*  dttcribad  abova  indieata  that  tha  control  of  a 
Typa  I  instability  using  aacondaiy  fual  injection  hat  not  baan 
soccaaaAil.  However,  nota  that  than  an  othar  passible  con¬ 
trol  strategies  that  may  auccaad.  Tha  effect  of  varying  brand 
tha  injection  location  alao  naada  to  ba  addraaaad  in  men 
detail. 

AUAdfrwOaateBlof  Tfrpoll  Inatability 

Tha  control  of  a  Typa  □  inatability  using  aacondaiy  fual 
injection  waa  atudiad  using  both  ataady  and  pulaad  injection. 
Figure  11a  abeam  tha  praaaura  fluctuation  at  the  baaa  of  tha 
atap  with  aacondaiy  ataady  Aid  injection  at  location  st.  In 
thie  caaa,  tha  aaeondary  fuel  injection  ia  quite  successful  in 
reducing  the  paaaaun  oacillation  in  tha  combuator.  The 
paabtoyad  paaaaun  lard  dropa  from  tha  oci|inal  SO  per¬ 
cent  level  to  laaa  then  4  percent  of  tha  mean  praaaura.  Thia  ia 
quite  sfcniUr  to  that  obearred  during  acouatk  feedback  con¬ 
trol.  Tha  effect  of  aaeondary  fuel  injection  on  tha  flame  pro¬ 
pagation  ia  ahown  in  a  time  eequenee  of  tha  flame  in  Figurea 
lib  through  11a.  Tbaaa  figurea  (which  eorraapond  to  the 
thnaa  ahown  in  Figure  lie)  ahow  that,  initially,  tha  aaeondary 
fuel  injection  into  the  hot  product  region  at  tha  beat  of  the 
atap  cauaaa  the  formation  of  a  new  flame.  However,  due  to 
flow  recirculation  behind  the  ban  of  the  atap,  thia  flame  can¬ 
not  propagate  doematnam  but  eventually  margea  with  tha 
primary  flame  at  tha  atap  corner.  Aa  tha  control  becomaa 
affective,  the  flame  no  longer  ahowa  the  charaeteriatic 
hooked-flame  ahape  eeen  during  a  Type  II  inatability. 

Figurea  13a  and  13b  ahow,  raapectivaly,  taro  aunulationa 
with  aaeondary  fual  injection  upatream  in  tha  inlet  duct.  For 
the  emulation  ahown  in  Figure  13a,  a  ataady  injection  aimi- 
lar  to  that  uaad  far  control  daacribed  in  Figure  11  waa  uaad. 
In  thia  caaa,  the  control  ia  not  vary  effective,'  however,  the 
peak-to-peak  praaaura  fluctuation  level  doee  decree**  from 
the  original  SO  percent  level  to  around  30  percent  of  the 
mean  praaaura.  A  typical  flame  atructura  obearved  during 
thia  emulation  ia  ahown  in  Figurea  13a  and  13b. 

Finally,  Figure  13b  ahow*  the  preeaure  fluctuation  occur¬ 
ring  during  pubad  aaeondary  fual  injection  in  the  inlet  duct. 
The  injection  atrategy  wee  ahnUar  to  that  uaad  far  tha  Type  1 
control  atudy  ahown  in  Figure  10b.  However,  unlike  that 
caaa,  thia  control  eyatero  ia  quite  effective  in  controlling  the 
Type  II  inatability,  with  tha  praaaura  fluctuation  level  again 
decreasing  to  around  S  percent  of  the  mean  praaaura.  A  typi¬ 
cal  flame  atructura  obearved  during  thia  control  ia  ahown  in 
Figure  13c.  Figure  13b  alao  ahowa  tha  affect  of  (witching  off 
the  fual  injection.  The  fluctuation  level  quickly  Increases  to 
around  10  percent  but  than  appear*  to  level  off.  Howavar, 
the  eknulatfao  haa  not  been  carried  out  tar  enough  to  deter¬ 
mine  if  tha  Type  H  inatability  will  reappear.  Further  atudy 
wing  different  injection  conditions  and  time  delays  are 
planned  to  understand  the  affect  of  aaeondary  fuel  injection 
oo  the  rombanthm  instability  mechaniam. 

1  CONCLUSIONS 

A  large  eddy  abnulatkm  modal  haa  baan  developed  that 
contains  tbs  laiinHal  physics  of  ccanbwtion  Instability  auch 
as  the  acoustic  aata  motion,  jatarartiana  bitwiin  large 
addiaa,  and  cowbuaHon  and  aH—dy  heat  ralaaaa  during 
prambiad  fuel  c  amt  nation  In  •  ramjet.  Tha  romhuatioo 
modal  asad  far  tha  dmulallcua  explicitly  Incorporatea  tha 
local  turfcufaat  flaana  mead  and  avoide  tha  arroneoua  numeri¬ 
cal  heat  ralaaaa  that  would  occir  in  a  flnita  rata  ilianktiji 
medal  while  attempting  to  reaotva  the  Internal  atructura  of 
the  Home.  Two  type*  of  cwnbuation  jrntabillty  here  bow 


tdentiWod  from  tha  rimwlatinn  results:  a  aaaU-amplitude, 
higb-fraquancy  jnatahility  and  a  large  amplitude,  low- 
frequency  inatability.  Both  typaa  of  iinl  ability  have  baan 
anparimaataliy  obaarrad,  and  many  of  the  qualitative  features 
of  tha  mmarieaQy  computed  instabilitiss  are  in  good  agree 
meat  with  tha  anpacimeBtal  observations. 

Tha  data  dared  during  the  dnadattono  were  then  utilkad 
to  study  active  techniques  to  control  tha  wnatahla  praaaura 
ftgffllirtfTW  leonrtk  fifftnrk  md  ncocdaiy  ftul 

injection  control  eyrinna  have  bow  atudiad.  The  control 
acoustic  fudbtck  dcsttoiMtanfctd  frit  fnnhol  of 
both  types  of  instability  can  be  arcnmpHahod  successfully. 
Fmthenaore,  it  was  shown  that  the  hutaMHtisa  could  be 
tuned  on  and  off.  This  capability  can  ba  uaad  to  atudy  and 
understand  the  transient  process  prior  to  the  growth  of  tha 
inatability.  Both  the  control  and  recovery  of  tha  Type  H  in- 
debility  taka  a  relatively  longer  thna  period  compared  to  the 
Type  I  instability.  Soma  effects  of  varying  the  tan*  (May 
between  the  sensor  and  tha  control  signal  ewe  also  atudiad, 
and  it  was  shown  that  control  k  possible  far  different  choices 
of  tha  time  delays.  This  is  in  qualitative  agra  ament  with 
experimental  observations. 

The  effects  of  both  steady  and  pulsed  secondary  fuel 
injection  on  tha  instability  mechaniam  ware  alao  atudiad.  For 
tha  conditions  atudiad  so  far,  tha  Type  1  inatability  could  not 
ba  successfully  controlled.  In  fact,  in  one  case,  the  Type  I 
instability  shifts  to  tha  low-frequency,  targe-amplitude  Type 
□  inatability  aa  a  raault  of  aaeondary  fuel  injection.  How¬ 
ever,  secondary  AM  injection,  both  ataady  and  pulsed,  was 
ahown  to  ba  quite  effective  on  the  Type  II  inatability.  Signi¬ 
ficant  reduction  to  the  preeaure  fluctuation  levela  was 
obearved  during  pulsed  injection  upstream  in  the  inlet  duct 
and  during  ataady  injection  at  tha  baaa  of  tha  atap.  Results 
obtained  so  far  uaing  aaeondary  fuel  injection  indicate  that  a 
mere  careful  parametric  atudy  is  warranted  to  determine  the 
mechaniam  by  which  the  additional  heat  release  affects  the 
inatability  mechaniam. 

Further  work  is  planned  in  addition  to  these  conlrd  stu¬ 
dies  to  improve  the  simulation  model  by  including  the 
subgrid  model  daacribed  earlier.  The  ahmilation  of  combus¬ 
tion  inatability  in  tha  full  ramjet  will  b*  carried  out  in  tha 
near  future,  and  control  strategies  will  be  studied  for  more 
realistic  flow  conditions. 
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(b)  The  full  ramjet  geometry  with  a  320  x  64  grid  distribution 


Figure  1.  The  ramjet  engine  configuration 


(a)  Time  sequence  of  vorticity  contours 


Figure  2.  Typical  cold  flow  field  in  a  full  ramjet  engine 


Figure  5.  Typical  How  features  observed  during  Type  II  combustion  instability. 


(b)  Control  OFF  (/  =  Figure  7d) 


Figure  §.  Typical  flame  structure  during  acoustic  feedback  control  of  Type  II  instability 
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(a)  Control  ON  with  jr  =  0.5 
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(b)  Control  ON  with  j:  «  0.03 
Figure  9.  Acoustic  power  of  the  loudspeaker  during  control  of  Type  II  instability 


(•)  Pulsed  injection  at  the  base  of  the  step.  (b)  Pulsed  injection  upstream  of  the  dump  plane. 


(c)  Flame  structure  at  l  —  t,  (Figure  10b) 


(d)  Flame  structure  at  t  =  (Figure  10b) 


Figure  10.  The  effect  of  secondary  fuel  injection  control  on  the  Type  I  instability 
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(•)  Flu*  structure  at  *  ■  td 


Figure  II.  The  effect  of  secondary  fuel  injection  control  on  Type  II  instability. 
Steady  injection  at  the  base  of  the  step. 


FIGURE  12  Acoustic  power  of  the  loudspeaker  during  active  control  of  Type  II  instability;  (a) 
control  ON  with  r/T  -  0.5,  (b)  control  ON  with  r/T  -  0.03. 
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ABSTRACT 

A  forge-eddy  simulation  modal  haa  baan  developed  to  study 
combustion  instability  in  a  ramjet  combustor.  A  modal  (or 
pramixad  combustion  is  employed  in  ths  numsrical  schams 
that  explicitly  usaa  tha  local  turbulant  llama  ^aad  in  ths 
governing  aquation.  This  not  only  raducas  tha  computational 
effort  as  compared  to  a  modal  with  detailed  finite- rate  chem¬ 
ical  kinetics,  but  also  avoids  tha  potential  error  in  tha  amount 
of  heat  release  caused  by  numerical  diffusion.  Combustion 
instability  in  the  ramjet  has  baan  numerically  simulated. 
Two  types  of  instability  ara  observed:  a  mail-amplitude, 
high-frequency  instability  and  a  large-amplitude,  low- 
frequency  instability.  Both  such  instabilities  have  been 
experimentally  observed  and  various  computed  flow  features 
are  in  good  qualitative  agreement  with  experimental  observa¬ 
tions.  The  information  obtained  bom  these  simulations  has 
been  used  to  develop  an  active  control  strategy  to  suppress 
the  instability.  Control  of  both  types  of  combustion  instabil¬ 
ity  was  successfully  achieved  using  the  acoustic  feedback 
technique,  and  the  control  could  be  ueed  to  turn  the  instabil¬ 
ity  on  and  off.  The  pressure  fluctuation  levels  in  the  combus¬ 
tor  are  significantly  reduced  when  active  control  is  used. 

1.  INTRODUCTION 

Combustion  instability  in  a  ramjet  engine  is  an  extremely 
complex  phenomenon  involving  nonlinear  interactions  among 
acoustic  waves,  vortex  motion  and  unsteady  heat  release. 
Typically,  the  instability  manifests  itself  as  a  large-amplitude 
pressure  oscillation  in  the  low-frequency  nugt  (100-800  Hs). 
This  instability  is  related  to  longitudinal  acoustic  waves  and 
is  tha  moat  difficult  to  control.  When  the  amplitude  of  the 
pressure  oscillation  reaches  some  critical  limit,  it  can  result  in 
system  failure  either  by  causing  structural  damage  due  to 
fatigue  or  by  causing  an  engine  ’unstart, 'which  occurs  when 
the  shock  in  the  inlet  duct  can  no  longer  be  stabilised  down¬ 
stream  of  the  choked  inlet  throat  and  is  expelled  to  form  a 
bow  shock  ahead  of  the  inlet.  This  phenomenon  of  engine 
unAatt  is  one  of  the  moat  serious  technical  problems  encoun¬ 
tered  in  developing  an  operational  ramjet  engine.  Therefore, 
in  recent  years,  a  major  research  program  eras  undertaken, 
both  experimentally  (eg.,8chadow  A  el.,  1987;  Qutmark  A 
at.,  1989;  Smith  and  ZukoAi,  1985;  8t*riii«  and  Zukoeki, 
1987;  Hedge  A  el.,  1987)  and  numerically  (e«.,Culick,  1989; 
Menon  and  Jou,  1990a,  1990b;  Jou  and  Menon,  1990; 
Kailaaanath  A  a].,  1989),  to  dArrmine  the  mechanism  of  the 
combustion  instability.  More  recently,  methods  for  control¬ 
ling  this  instability  using  active  control  technique*  are  being 
studied  experimentally  (eg  ,  Oulati  and  Mani,  1990; 
Langhoroe  and  Hooper,  1999;  Sehadow  A  el.,  1990;  Gutmart 
A  at.,  1990).  This  paper  assumes  s  Andy  of  active  control 
technique*  mlng  forge  eddy  simulation*. 
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3.  THE  SIMULATION  MOD8L 

Ths  simulation  model  ueed  in  thi*  study  eras  developed 
through  s  eerie*  of  numerical  experiment*  starting  with  cold 
flow  studies  (Menon  and  Jou,  1987,  1990a;  Jou  and  Menon, 
1987,  1990)  and  culminating  in  the  simulation  of  combustion 
instability  (Menon  and  Jou,  1990b).  The  equation*  solved  in 
this  model  are  the  full  compressible  Navisr-Stokes  equations 
formulated  in  the  axisymmetric  coordinate  system.  The  ram¬ 
jet  combustor  modeled  in  theee  studies  consists  of  an  axisym¬ 
metric  inlet  duct  that  is  connected  to  an  axisymmetric  dump 
combustor  by  a  sudden  expansion.  A  convergent-divergent 
noesl*  is  attached  downstream  of  the  combustor.  Figure  1 
shows  the  typical  ramjet  configuration  used  in  theee  studies. 

3.1  The  Numerical  Model 

To  rimulate  the  unsteady  flow  field  in  a  ramjet  combua- 
tor,  the  governing  equation*  are  solved  subject  to  appropriate 
boundary  conditions.  For  the  flow  of  a  viscous  fluid  over  a 
■olid  surface,  the  no-slip  conditions  ere  applied  along  an 
adiabatic  wall.  On  tha  centerline  of  the  device,  the  symmetry 
conditions  are  applied  for  all  variables.  The  inflow  and  out¬ 
flow  boundaries  are  computational  boundaries  and  the 
number  of  independent  boundary  condition*  was  determined 
from  the  local  characteristic*  of  the  system  of  hyperbolic 
equations  when  viscous  effects  are  neglected  locally.  On  the 
subsonic  inflow  boundary,  there  are  three  incoming  charac¬ 
teristics  corresponding  to  the  vorticity  wave,  the  entropy 
wav*  and  the  right-running  acoustic  wave.  Therefore,  three 
conditions  were  chosen  by  specifying  the  stagnation  tempera¬ 
ture,  the  stagnation  pressure,  and  the  local  flow  inclination. 
The  characteristic  variable  carried  by  the  outgoing  charac¬ 
teristic  is  determined  by  solving  the  pertinent  decoupled  inte¬ 
rior  characteristic  equation.  Although  this  sA  of  boundary 
conditions  is  physically  reasonable,  there  is  potentially  an 
uncertainty  in  tha  specification  of  the  stagnation  pressure 
since,  in  unsteady  flows,  it  would  contain  a  contribution  from 
the  time  derivative  of  ths  velocity  potential.  The  application 
of  thee*  boundary  conditions  implies  certain  "impedance" 
conditions  (Chu  and  Kovasanay,  1958).  The  characteristics 
of  the  current  impedance  condition  were  examined  by  a 
linearised  analysis  and  the  condition  was  proven  to  be  of  the 
damping  type.  Therefore,  the  pressure  disturbance*  that 
reach  the  inflow  boundary  will  not  be  amplified  and  thus  the 
computed  self-sustained  oscillations  in  the  combustor  are 
eeif-generated. 

la  a  practical  ramjet  device,  it  has  been  noted  that  the 
flow  oscillation*  downstream  of  the  (hock  in  the  inlA  diffuser 
may  participate  in  the  flow  oscillation*  in  the  combustor 
(Yang  and  Culick,  1985;  Bogar  and  8ajb*n,  1979).  Thus,  a 
more  pacific  upstream  impedance  condition  for  the  ramjet 
configuration  would  be  the  acoustic  impedance  A  the  inlet 
shock.  To  knplidtly  obtain  such  a  realistic  condition,  the 


inlet  nonle  hae  been  incorporated  into  the  computational 
domain  and  a  new  itudy  hae  begun  in  which  the  inlet  shock 
will  be  captured  ae  a  part  of  the  aolution.  The  result*  of  this 
study  will  be  reported  elsewhere. 

Implementation  of  proper  outflow  boundary  conditions  it 
considered  important  since  any  nonphysical  boundary  condi¬ 
tion  there  could  generate  spurious  upstream  propagating 
acoustic  wares  in  the  combustor.  This  is  socially  true  when 
a  subsonic  outflow  boundary  condition  is  used.  In  the  ramjet 
model  simulated  here,  a  convergent-divergent  noetic  is 
attached  downstream  of  the  combustor.  This  is  similar  to  an 
operating  device  configuration.  The  flow  through  this  notsle 
is  choked  and  the  outflow  is  supersonic.  Since  at  supersonic 
outflow  conditions  all  four  characteristics  are  outgoing,  the 
boundary  conditions  impoesd  there  will  not  affect  the  inte¬ 
rior  flow  field. 

The  numerical  scheme  used  for  three  simulations  is  an 
explicit  finite  volume  method  based  on  MacCormack’s  tech¬ 
nique.  The  numerical  model  and  the  validation  study  have 
been  described  elsewhere  (Menon  and  Jou,  1087,  1000a). 
The  scheme  is  second-order  accurate  in  space  and  time,  and 
no  explicit  artificial  dissipation  is  used.  High-raeolution 
grids,  typically  358x64,  ware  used  in  all  the  simulations  dit- 
cusssd  here.  The  grid  lines  were  clustered  in  the  critical 
regions  such  as  the  inlet  duet  boundary  layer  and  the 
separated  shear  layer  where  the  length  scale  of  the  flow 
features  is  expected  to  be  small.  Structures  with  length  scales 
of  the  order  of  the  boundary  layer  thickness  ran  be  resolved 
by  employing  the  current  grid  resolution. 

In  a  practical  ramjet  device,  the  Reynolds  number  of  the 
flow  is  extremely  high.  A  large-eddy  simulation  (LES)  of 
such  a  flow  would  require  a  validated  eubgrid  model. 
Subgrid  models  for  compressible  flows  havs  just  begun  to  be 
investigated.  However,  the  validity  of  these  models  at 
applied  to  complex  flow*  hat  not  yet  been  proven.  There¬ 
fore,  in  the  present  study,  the  simulations  were  performed  for 
flows  in  a  moderate  Reynolds  number  range  ae  the  first  step 
towards  understanding  the  physical  processes  involved.  To 
model  the  dissipative  effects  of  the  eubgrid  turbulence,  a  con¬ 
stant  eddy- viscosity  model  is  employed.  This  eddy-viecoeity 
is  chosen  to  be  the  laminar  dissipative  coefficient  at  the 
reference  temperature  and  ran  be  viewed  as  a  simple  subgrid 
model,  as  noted  by  Farsigsr  and  Leslie  (1070).  Further 
improvements  to  the  subgrid  model  are  currently  being  car¬ 
ried  out.  A  eubgrid  eddy- viscosity  model  based  on  re  normal¬ 
isation  group  theory  (Yakhot  and  Orssag,  1086)  and  a  new 
one-equation  eubgrid  model  are  currently  being  evaluated 
and  the  results  will  be  reposted  in  the  future.  The  latter 
model,  which  solves  the  eubgrid  kinetic  energy  equation,  is 
considered  more  appropriate  for  the  eombuetion  model  used 
here,  as  will  be  shown  far  the  next  section. 

U  The  CcmbmHon  kin  del 

To  simulate  combustion  instability,  an  accurate  evaluation 
of  the  chemical  heat  telenet  ie  required.  In  particular,  the 
amount  of  heat  relearn  and  He  time  depsndenl  spatial  distri¬ 
bution  must  be  compiled.  In  premixed  cosnbuetion,  the 
•mount  of  heat  release  per  unit  length  of  the  flame  it  deter¬ 
mined  by  the  local  flame  meed  and  by  the  v*rific  chemical 
energy  avaflabia  In  the  fuel,  provided  the  flame  thickness  is 
small  compared  to  tha  radius  of  ewvaturs  of  the  flame.  The 
flame  can  ha  Wasted  aa  •  discontinuity  and  numerically  rap- 
toad  as  a  na eared  discontinuity  as  long  ea  the  important 
physics,  such  a*  the  amount  of  heat  release  at  tha  flame  cheat, 
can  be  accurst  sty  computed.  This  eombuetion  model  la  a 
good  spprnxknatiun  in  LBS,  dace  fa)  LBS  the  large-scale 
coherent  structure*  an  computationally  resolvable  features 
end  the  flame  ii  only  thickened  by  the  eubgrid  turbulent 


diffusion.  This  model  ie  also  preferable  to  models  in  which 
detailed  finite  rate  kinetics  an  considered.  In  finite-rate 
kinetics  models,  the  numerical  simulations  are  presumed  to 
compute  the  local  flame  speed  implicitly  and  thus  the  amount 
of  heat  release.  Since  the  flame  speed  depends  upon  the  dic¬ 
tation  mechanism  in  the  flame  structure,  this  implies  that 
the  internal  structure  of  the  flame  must  be  resolved  (Williams, 
1085).  However,  this  ie  not  practically  achievable,  sines  in 
LES  the  number  of  grid  points  that  can  be  used  is  limited  by 
tha  capacity  of  the  conq>uter  and  therefore  an  adequate  reso¬ 
lution  of  the  flame  structure  ie  not  possible.  Furthermore,  all 
numerical  scheme*  have  some  form  of  artificial  dissipation, 
either  built  into  the  scheme  or  explicitly  provided  to  stabilise 
the  computations.  Thus,  the  computed  flame  structure  and 
tha  local  flams  speed  an  contaminated  by  the  numerical  dis¬ 
sipation  and  could  in  fact  be  completely  overwhelmed  by  the 
numerical  diffusion. 

To  circumvant  this  problem,  a  model  for  premixed 
combustion  based  on  the  th in-flame  model  (Williams,  1985; 
K erst* in  at  al.,  1088)  was  incorporated  (Menon  and  Jou, 

1000b).  In  this  model,  th*  local  turbulent  flame  speed  sr 

appears  explicitly  and  is  determined  as  a  function  of  the  lam¬ 
inar  flam*  speed  q  and  the  local  subgrid  turbulence  intensity 
s'  using  the  renormalisation  group  (RNG)  theory  model  of 
Yakhot  (1080).  The  effects  of  detailed  chemical  kinetics  are 
contained  in  the  laminar  flame  speed,  and  a  progress  variable 
G  it  defined  which  is  governed  by  the  equation 

~  +  m  -  a,  |VC|  (1) 

where  ?  is  the  fluid  velocity,  G  ~  1  for  the  fuel  mixture,  and 

G  =  0  for  the  eombuetion  product. 

The  turbulent  flame  speed  %F  is  given  by  the  RNG  model 


Yakhot  (1080)  found  that  Equation  (2)  correlates  quite  well 
srith  various  experimental  observations.  The  laminar  flame 
■peed  contains  information  on  the  chemical  kinetics  and  the 
molecular  dissipation;  once  the  local  eubgrid  turbulence 
intensity  ie  determined,  Equation  (2)  can  be  used  to  find  «*• 
for  a  given  fuel  mixture. 

The  chemical  heat  release  ie  a  function  of  G  and  the 
specific  chemical  energy  of  the  fuel  mixture.  The  chemical 
energy  of  the  mixture  is  included  in  the  formulation  by  speci¬ 
fying  the  specific  enthalpy  k  of  the  mixture  in  th*  energy 
equation  ae 

k  =  OpT  +  k/G  (S) 

Here,  k/  ie  the  heat  of  formation  of  the  premixed  fuel,  Cp  it 
the  specific  heat  of  the  mixtir*  al  constant  premure,  and  7"  is 
the  temperature.  The  beet  of  formation  of  th*  fuel  essentially 
determine*  the  amount  of  heat  released  during  combustion 
and  thus  is  a  function  of  th*  equivalence  ratio  for  a  given 
fuel.  The  product  temperature  Tp  ran  he  estimated  for  e 
given  bent  of  formation  for  th*  fuel  by  the  relation 

k,  *  Op(Tp  -  Th)  (4) 

where  Tf,  is  the  fuel  tampantinw  at  th*  inlet.  In  th*  simula¬ 
tions,  th*  combustion  product  temperature  is  initially  veri¬ 
fied,  and  the  heat  of  formation  determined  from  Equa¬ 
tion  (4). 

Du*  to  th*  explicit  appearance  of  the  local  flam*  v**d  m 
Equation  (1),  the  amount  of  heat  reieees  does  not  depend  on 
th*  computed  internal  itrncture  of  th*  flam*.  Even  when 
numerical  diffusion  broadens  th*  flame,  the  flasns  speed  is 
not  severely  affected.  The  effect  of  manariral  broadening  is 
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tfaown  in  Figure  2.  In  a  discontinuous  (tunc  model 
(Figure  la),  the  flame  prepay* tee  at  a  velocity  »/  into  the 
mixture.  Therefore,  the  amount  of  fuel  converted  to  product 
ie  proportional  to  *fAt,  where  At  a  the  taneetep.  When  the 
flame  ie  broadened  by  numerical  diffusion,  the  aaeared  flame 
■till  propagate*  into  the  fuel  nuxtca-e  with  flame  speed  ur,  and 
the  amount  of  fuel  mixture  converted  to  product  is  approxi¬ 
mately  the  me  as  in  the  discontinuous  flame  model,  ae  can 
be  seen  in  Figure  lb.  The  (bet  that  the  numerical  flame 
broadening  has  only  a  email  effect  on  the  amount  of  con¬ 
verted  fuel  mixture,  and  thus  on  the  heat  release,  was  demon¬ 
strated  in  an  earlier  paper  (Menon  and  Jou,  100%). 

To  complete  the  combustion  model  described  above  the 
eubgrid  turbulence  inteneity  mart  be  specified.  Ae  noted 
above,  this  can  be  determined  if  a  eubgrid  model  for  the  tur¬ 
bulent  kinetic  energy  is  solved.  Such  a  model  it  currently 
under  evaluation.  For  the  present  application,  a  uniform 
value  of  the  eubgrid  turbulent  intensity  ie  used,  typically  a 
few  peccant  of  the  reference  velocity.  Some  important  physi¬ 
cal  properties,  such  ae  the  spatial  nonuniformity  of  eubgrid 
turbulence  and  its  effect  on  the  local  flame  rpeed  and  the 
amount  of  heat  release,  are  not  included  in  the  present  model. 
However,  as  shown  earlier  (Menon  and  Jou,  1000b),  the 
major  qualitative  interactions  between  the  large-scale  vortex 
structure*  and  the  combustion  heat  release  have  been  cap¬ 
tured  by  the  present  simulation  model.  The  effect  of  nonuni- 
form  subgrid  turbulence  on  combustion  instability  will  be  dis¬ 
cussed  elsewhere  (Menon,  1901). 

3.  SIMULATION  OF  COMBUSTION  INSTABILITY 

The  details  of  the  simulation  of  combustion  instability  in  a 
ran\jet  combustor  are  described  elsewhere  (Menon  and  Jou, 
1090b).  The  present  focus  it  on  active  control  of  the  numeri¬ 
cally  simulated  combustion  instability.  Before  describing  the 
control  studies,  however,  some  important  feature*  of  the 
computed  instability  art  described  in  this  section. 

In  general,  comb uet ion  instability  in  a  combustor  depends 
upon  various  parameters  such  a*  the  system  geometry,  the 
flew  parameters,  the  fuel  type,  and  the  equivalence  ratio.  In 
the  earlier  as*  ly  (Menon  and  Jou,  1000b),  in  addition  to  the 
flow  parameters  (e.g.,the  Mach  number  M  and  the  Reynolds 
number  Re)  and  the  geometrical  parameters  (*.g.,  L{,  L, 
i  ae*  Figure  1),  two  important  thermochemkal 
parameter*  erem  identified.  On*  ie  #  =  Tf/T„  which  is  the 
ratio  of  the  product  temperature  to  the  stagnation  tempera¬ 
ture  T,;  the  other  is  er  =  a r/%,/,  which  is  the  ratio  of  the 
characteristic  flam*  speed  to  the  characteristic  reference 
velocity  a,,/.  For  a  fixed  fuel  mixture,  f  can  be  related  to  the 
equivalence  ratio  d,  and  a  can  be  related  to  the  chemical 
kinetic  rate  and  the  Wvel  of  eubgrid  turbulence.  The  effect  of 
varying  the  geometries!  parameter,  the  ratio  between  the 
inlet  and  throat  area*  Amm/A*  and  the  thermochemkal 
parameters  #  and  s  have  bean  studied  (Menon  and  Jou, 
1000b).  In  this  section,  two  sknulstions  will  be  described 
that  showed  two  different  typos  of  romhtntlnn  Instability:  a 
wnaU-aopUtude,  high-frequency  combustion  instability  (Type 
I)  and  a  large  amplitude,  loss-frequency  combustion  instabil¬ 
ity  (Type  II).  Both  types  of  Instability  have  bean  observed  in 
various  experimental  studies  (*.g.,  Smith  and  Zukoski,  1MB, 
Sterling  and  Suhorid,  10*7;  Schadow  at  el.,  1MT).  The 
active  control  of  those  hntaMMMs*  will  be  the  focus  of  this 
paper  and  is  described  In  the  next  section. 

For  both  the  simulation*  diecuaeed  hero,  the  flow  parama- 
tnra  such  as  the  reference  Reynold*  number  and  tbs  reference 
Mach  number  were  bald  fined  at  Re  as  10,000  and  U  *  0.33, 
tmpsrWvsly,  based  on  tbs  Wet  duct  disroot w  and  the  refer¬ 
ence  velocity  of  t^  ■  100  m/sac.  The  thermochemkal 
parameters  f  and  9  were  also  held  (bead  at  0  *  I  and 


a  =  0.0S.  For  #  =  6,  the  product  temperature  Tf  was 
1500  K,  which  corresponds  approximately  to  the  product 
temperature  of  a  methane-air  mixture  at  an  equivalence  ratio 
of  around  0.45  (Malta  *t  a!.,  1077).  Alternatively,  this  could 
be  interpreted  as  a  type  of  premixed  fuel  that  has  a  product 
temperature  of  1500  K  at  some  mixture  ratio.  All  system 
(geometrical)  parameters  such  a*  H,  L„  and  L  were  held 
(bead  (or  both  simulations  except  (or  the  area-ratio  parameter 
Ain),,/A*.  arhich  eras  increased  from  1.05  for  the  Type  I  in¬ 
stability  Emulation  to  1.30  for  the  Type  II  simulation.  This 
wu  accomplished  by  reducing  the  noole  throat  area  A*. 
This  remit*  in  a  decrease  in  the  inlet  mass  flow  rate  and 
reduce*  the  inlet  mean  flow  velocity  a*  by  approximately  14 
percent.  At  present,  the  reason  for  the  shift  in  the  instability 
mechanism  from  Type  I  to  Type  U  instability  when  the  mean 
velocity  ie  reduced  is  not  entirely  clear.  A  plausible  explana¬ 
tion  la  that  the  effective  thermochemkal  parameter 
p*  =  Uf/u^  =  o(q,//*u,)  increase*  when  the  mean  inlet  velo¬ 
city  decrease*.  In  the  earlier  study  (Menon  and  Jou,  1090b) 
it  era *  shown  that  when  a  era*  increased  for  fixed  mean  flow 
velocity,  the  Type  II  instability  is  excited.  A  similar 
behavior  is  observed  here  when  a*  is  increased  from  around 
0.042  for  the  Type  I  instability  to  around  0.048  for  the  Type 
II  instability.  This  appear*  to  indicate  that  a*  may  be  a  more 
general  thermochemkal  parameter  than  a.  Further  study  is 
required  to  determine  if  this  hypothesis  is  valid.  In  the  fol¬ 
lowing  sections,  we  describe  some  pertinent  features  of  Type 
1  and  Type  II  combustion  instabilities. 

3.1  fltnall- Amplitude,  High-Frequency  Instability  (Type  1) 

In  Type  I  combustion  instability,  the  pressure  oscillations 
initially  show  a  large-amplitude,  low-frequency  oscillation 
that  aventually  decays  ao  that  only  a  high-frequency  oscilla¬ 
tion  remains.  The  peak-to-peak  level  of  the  high-frequency 
pressure  fluctuation  is  around  15  percent  of  the  mean  pres¬ 
sure,  as  shown  in  Figure  3a.  This  was  around  three  times 
higher  than  that  observed  in  earlier  cold  flow  studies  (Menon 
and  Jou,  1900a).  Although  the  fluctuation  level  is  small,  it  is 
by  no  means  insignificant  for  a  realistic  ramjet  combustor 
and  may  be  sufficient  to  expel  the  inlet  shock. 

Flow  visualisation  showed  that  the  shear  layer  separating 
at  the  rearward-facing  step  rolls  up  into  vortices;  further 
downstream,  these  vortices  undergo  pairing  a*  observed  in 
earlier  cold  flow  studies.  The  flam*  front  initially  resides 
along  the  high  shear  region  in  the  shear  layer,  and  as  the  vor¬ 
tex  rollup/pairing  process  occurs,  the  (lam*  is  entrained  into 
the  vortical  structures.  The  typical  flam*  structure  and  vorti- 
eity  field  distribution  (or  this  simulation  is  shown  in  Figures 
3b  and  3c.  For  comparison,  a  (low  visualisation  by  Smith  and 
Zukoeki  (1085)  (or  premixed  'stable*  combustion  in  a  two- 
dhnenrional  combustor  is  shown  in  Figure  3d.  There  it  qual¬ 
itative  agreement  between  the  numerical  and  experimental 
observe  Hone  as  rliacumsd  in  Menon  and  Jou  (1900b). 

Classical  consideration*  using  the  Rayleigh  criteria  have 
been  used  in  past  studies  (#4.,  Starling  and  Zukoeki,  1987; 
Hedge  si  *1.,  1087)  to  demonstrate  that,  (or  instability  to 
occur,  the  unsteady  fluctuations  in  beat  release  should  be  in- 
phase  locally  with  the  pressure  fluctuations.  A  local  Rayleigh 
parameter  Jt(7,  t)  Is  defined  such  that 

*0?)  -  (5) 

wham  Tit  the  time  period  and  f  '(S’,  I)  and  p'flf,  ()  are  the 
unsteady  hast  release  term  and  the  premure  fluctuation, 
respectively.  When  Jt(f)  1*  positive,  then  local  amplification 
occur*.  When  A (s’)  is  Integrated  radially,  one  obtains  £(*), 
arhich  ii  the  social  variation  of  the  Rayleigh  parameter. 
Alternatively,  If  Ufa*,  t)  ie  integrated  in  both  the  axial  and 
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radial  direction*,  a  volume-averaged  parameter  R(t)  i* 
obtained,  which  represents  the  time-dependent  (tate  of  the 
combustion  procea*  in  th*  combuator.  If  R(t)  ia  further 
intefrated  in  time,  a  global  Rayleigh  parameter  R  *  b 
obtained. 

Both  R(t)  and  R{t)  in  th*  combuator  were  evaluated  for 
thia  aimulation.  Figure  4a  ahowa  th*  time-dependent  varia¬ 
tion  of  th*  volume-averaged  Rayleigh  parameter  R[t)  normal- 
bed  by  R*  for  two  cycle*  of  th*  high-frequency  preaaure 
fluctuation.  Alao  ah  own  b  th*  normal  bed  preaaure  fluctua¬ 
tion  (Ap/p)  at  th*  baa*  of  the  atep  for  thb  aimulation  period. 
Not*  that  th*  curve  for  R(t)/R*  haa  been  raacaled  by  a  fac¬ 
tor  to  simplify  comparison.  Thb  figure  ahowa  that  during  th* 
high-frequency  oadllationa  there  are  period*  of  time  when 
th*  combustion  procea*  b  (table.  If  we  aaaume  that  th*  prea- 
eure  fluctuation  ahown  in  thb  figure  b  representative  of  the 
volume-averaged  unsteady  preaaure  field  (an  aasumptior  that 
b  atrictly  not  valid  since  th*  amplitude  of  th*  high-frequency 
oscillation  b  not  a  constant  in  th*  combuator),  then  to  obtain 
the  observed  variation  in  th*  Rayleigh  parameter,  the 
unsteady  heat  release  term  should  have  a  variation  as 
fetched  in  Figure  4a.  Thb  indicates  that  the  unsteady  heat 
release  fluctuations  occur  at  a  much  higher  frequency  than 
the  pressure  fluctuation  during  th*  Type  I  instability.  Figure 
4b  shows  the  axial  variation  of  the  Rayleigh  parameter 
R(t)/Rm  for  the  time  period  shown  in  Figure  4a.  Although 
the  combustion  process  b  globally  unstable,  there  are  regions 
in  the  combustor  where  it  b  locally  etable.  The  eombuition 
process  b  highly  unstable  in  the  diffuser  region  where  the 
vortices  in  the  shear  layer  impinge  on  the  wall. 

U  Large- ApngJitaule,  Lour- Frequency  Instability  (Type  II) 

In  Type  II  combustion  instability,  the  pressure  fluctua¬ 
tions  show  a  large-amplitude,  low-frequency  oscillation  with 
peak-to-peak  levels  around  SO  percent  of  the  mean  pressure, 
as  ahown  in  Figure  5a.  The  oscillation  rapidly  reaches  a  lim¬ 
iting  cycle  and  shows  a  type  of  pressure  signature  that  b  typi¬ 
cal  of  what  b  observed  during  combustion  instability.  The 
flame  propagation  b  quite  different  from  that  observed  dur¬ 
ing  Type  I  instability.  A  large  hooked-flam*  structure  prop¬ 
agates  through  the  combustor  at  a  low  frequency,  and  associ¬ 
ated  with  thb  flam*  b  a  large  mushroom-shaped  vortical 
structure.  Th*  combined  vortex /flam*  structure  propagates 
through  th*  combustor  at  th*  sun*  low  frequency.  Spectral 
analysis  showed  that  the  dominant  mod*  of  oecillation  b 
occurring  at  a  frequency  of  around  166  Hs.  Th*  amplitude 
and  phase  of  th*  pressure  oecillation  at  various  locations  in 
th*  combustor  eras  nearly  th*  same,  indicating  that  thb  pres¬ 
sure  oscillation  b  similar  to  th*  bulk-mod*  oscillation 
observed  in  some  experiment*. 

The  typical  llama  structure  and  th*  vortieby  field  are 
shown  in  Figure*  Sb  and  Sc.  For  comparison,  th*  experimen¬ 
tal  visualisation  of  Smith  and  Zukoekl  (1966)  b  shown  in 
Figure  Sd.  Further  analyeb  was  carried  out  by  Menon  and 
Jou  (1990b),  and  it  eras  shown  thsre  that  many  characteris¬ 
tic*  of  thb  Type  II  combustion  instability,  such  as  th*  pres¬ 
sure  and  velocity  fluctuation  levels,  th*  phase  relation 
between  th*  pressure  and  velocity  fluctuations,  and  various 
features  of  th*  vortex/flaro*  structure  propagation,  qualita¬ 
tively  agreed  with  experimental  observation*. 

Th*  Rayleigh  criteria  for  thb  instability  was  alao  com¬ 
puted.  Figure  6a  ahoers  th*  variation  of  R{t)/R*  and  th* 
prsesur*  fluctuation  at  th*  dump  plan*  for  a  period  of  th* 
iow-frequency  oecillation.  During  th*  Type  II  instability,  th* 
pressure  asnplitud*  b  nearly  th*  earn*  throughout  the  combus¬ 
tor  and  thus  the  pressure  fluctuation  titown  in  Figure  6*  can 
be  cootidered  to  nprieent  the  volume-averaged  pressure 


field  in  the  combustor.  Figure  6a  shows  that  there  are  two 
time  period*  during  which  th*  combustion  process  b  stable. 
Again,  thb  b  due  to  a  phase  difference  between  the  preesure 
fluctuation!  and  the  unsteady  heat  release  term  as  ahown  in 
Figure  6a.  However,  unlike  th*  Type  I  instability  case  (Fig¬ 
ure  4a),  tha  fluctuation  in  th*  beat  release  term  appears  to  be 
occurring  at  th*  same  low  frequency  at  the  preesure  fluctua¬ 
tion.  Th*  spatial  variation  of  the  Rayleigh  parameter, 
R(s)/R*,  b  shown  in  Figure  6b.  As  seen  during  the  Type  1 
instability  (Figure  4b),  th*  combustion  process  b  highly 
imstabl*  near  th*  vortex  impingement  region  in  kite  diffuser. 
Figure  6b  also  shows  that  there  b  a  region  near  the  dump 
plane  where  the  combustion  process  b  locally  stable.  Thu  b 
different  from  th*  cat*  teen  during  Type  I  instability  (Figure 
4b)  during  which  multiple  regions  with  locally  stable  combus¬ 
tion  are  present  in  the  combustor. 

4.  ACTIVE  CONTROL  OF  COMBUSTION  INSTABILITY 

Using  th*  stored  data  for  thee*  two  simulations,  a  new 
study  era*  initiated  to  investigate  techniques  for  controlling 
the  instability.  Experimentally,  there  are  various  approaches 
being  considered.  In  general,  active  control  strategies  fall  in 
three  categories:  control  using  acoustic  feedback  (e.g.,  Lang 
et  al.,  1967;  Poinaot  et  al.,  1987;  Gutmark  et  a!.,  1990; 
Schadow  et  al.,  1990);  control  by  unsteady  modification  of 
the  inlet  mass  flow  rate  (e.g.,Bloxaidge  et  al.,  1988);  and  con¬ 
trol  by  manipulation  of  the  unsteady  beat  release  in  the 
combustor  (eg.,  Langhom*  and  Hooper,  1989).  Each  of 
these  methods  has  shown  promise  in  laboratory  teste.  In  this 
paper,  the  focus  of  the  numerical  experiments  it  the  etudy  of 
active  control  using  acoustic  feedback. 

Active  control  through  acoustic  forcing  was  demonstrated 
earlier  by  Lang  et  al.  (1987)  and  Poinaot  et  al.  (1987).  The 
latter  etudy  showed  that  thb  technique  provided  the  capabil¬ 
ity  of  turning  the  instability  on  or  off  at  will,  thereby  provid¬ 
ing  a  meant  to  study  the  transient  behavior.  It  was  also 
ahown  that  the  power  required  for  control  was  quite  small 
and  that  control  can  be  achieved  over  a  wide  range  of  phase 
differences.  Thb  indicates  that  the  control  technique  b  not 
an  anti-sound  approach,  which  would  have  required  a 
specific  phase  relation.  Recent  studies  at  the  Naval  Weapons 
Center  (NWC),  China  Lake  (eg.,  Schadow  et  al.,  1990;  Gut- 
marie  et  al.,  1990)  have  further  demonstrated  that  acoustic 
feedback  control  of  the  combustion  instability  in  a  ramjet- 
type  configuration  b  possible.  The  present  numerical 
research  b  aimed  at  modeling  a  flow  field  similar  to  that 
being  experimentally  studied  at  NWC. 

A  typical  acoustic  feedback  system  used  in  the  experi¬ 
ment*  involve*  a  loudspeaker/microphone  system  in  the 
active  control  loop.  In  thb  technique,  th*  pressure  signal  b 
tensed  at  tom*  chosen  location  using  a  microphone  (or  a 
preesure  transducer).  Th*  signal  b  analysed,  phase-shifted, 
and  amplified,  and  then  fed  back  at  some  other  chosen  loca¬ 
tion  using  a  loudspeaker  (tee  Figure  1).  If  the  control  signal 
from  th*  loutbpeaker  destructively  interferes  with  the  pres¬ 
sure  oecillation  in  th*  combustor,  then  th*  oscillations  will 
become  damped,  thereby  achieving  control  of  th*  instability. 
Bare,  a  similar  technique  has  been  studied  numerically. 

4.1  Active  Control  of  Type  I  Instability 

Before  implementing  th*  active  control  method,  the 
effect  of  direct  acoustic  forcing  was  studied.  Spectral 
analysis  showed  that  the  high-frequency  preesure  oscillation 
for  th*  Type  1  instability  oeewred  at  a  frequency  of  9S5  Ha. 
Using  thb  information,  th*  simulation  eras  restarted  at  an 
earlier  time  and  a  email  region  at  th*  baa*  of  the  step  was 
modeled  as  a  loudspeaker  (tee  Figure  1).  Thb  loudipeakar 
was  than  forced  at  a  fixed  frequency  of  9S5  Hs  to  that  th* 
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acoustic  pressure  generated  by  the  ipeaker  could  be  modeled 

ae 

pm'  =  Am n  (u*)  (6) 

where  A  ie  the  amplitude  and  w  ia  the  frequency.  The  ampli¬ 
tude  waa  choeen  to  be  S  percent  of  the  mean  pressure.  The 
acoustic  velocity  generated  by  thie  fluctuation  war  deter¬ 
mined  by  the  relation  a'  =  p'/pe,  where  p  ie  the  unper¬ 
turbed  density  and  e  ia  the  ^eed  of  aound.  The  reeulte  of 
thia  etudy  (not  ahown  hare)  ah  oared  that  the  oecillation  level 
area  not  reduced;  in  fact,  the  farcing  resulted  in  a  mall 
increase  in  the  peak-to-peak  fluctuation  levels.  Thus,  it 
appeared  that  thia  open-loop  control  approach  area  not  effec¬ 
tive  for  thia  type  of  inetability. 

For  the  doeed-loop  control  etudy,  a  location  near  the 
downatream  diffuaer  wall  waa  choeen  aa  the  microphone  (aen- 
eor)  location  (location  b.  Figure  1).  The  unsteady  pressure 
signal  at  this  location,  ft,/,  was  used  to  force  the 
loudspeaker  using  the  relation 

ft/  =  -  Ga  ft,/  (7) 

where  the  gain  Ga  wae  defined  aa  Ga  s  Ag  ^  and  A(iii 

PmU 

constant.  Also,  p  ia  the  mean  pressure  and  the  subscript  sp 
and  trie  indicate  the  loudspeaker  and  the  microphone, 
respectively.  If  the  aeneor  signal  ia  of  the  form  given  by 
Equation  (6),  then  Equation  (7)  implies  that 
ft/  =  Ga  sin(ut  +  p),  where  p  is  180  degrees. 

Figure  7a  shows  the  original  pressure  signal  near  the  base 
of  the  step,  and  Figure  7b  shows  the  pressure  signal  using 
active  control  with  Af  =  1.  It  appears  that  the  180-degree 
phase  shift  control  signal  has  only  a  email  effect  on  the  high- 
frequency  oecillation.  This  was  not  very  surprising  since 
cross  correlation  analysis  of  the  pressure  signals  from  the 
dump  plane  and  the  diffuser  location  showed  that  the  pres¬ 
sure  field  was  not  in-phase  in  the  combustor  and  that  the 
time-delay  for  peak  positive  correlation  eras  around 
t/T=  0.478,  where  T  is  the  time  period  for  the  dominant 
oscillation  frequency.  The  180-degree  phase  shifted  signal 
corresponds  to  a  time-delay  of  r/T=  0.5,  which  is  dose  to 
the  time-delay  for  peak  correlation.  Tr  explicitly  account  for 
the  effect  of  time-delay  in  the  control  system,  a  new  control 
signal  was  chosen  so  that 

ft/(t)  =  Ga  ft»/(t— r)  (8) 

where  r  is  the  specified  time-delay  between  the  signal 
recorded  by  the  microphone  and  the  control  signal  used  to 
drive  the  loudspeaker.  In  the  simulations,  the  time-delay  r/T 
is  specified  prior  to  initiation  of  the  active  control.  At 
present,  a  systematic  study  of  the  effect  of  varying  the  time- 
delay  (or  phase)  has  not  been  carried  out.  However,  some 
effects  of  varying  the  time  delay  have  been  investigated,  and 
the  results  of  these  simulations  are  discussed  below. 

Figure  7c  shows  the  pressure  signal  at  the  dump  plane 
with  a  time-delay  r/T st  0.18  used  for  the  active  control.  In 
this  case,  the  control  is  quite  affective,  with  peak-to-peak 
pressure  fluctuation  shopping  from  If  percent  of  the  mean 
pressure  for  the  uncontrolled  case  to  around  4  percent  of  the 
mean  preen  we.  This  figure  also  shows  tbs  effect  of  tumir* 
off  the  rosslroi  at  a  later  stage.  The  pressure  fluctuation 
quickly  recovers  to  the  levels  observed  earlier  with  no  con¬ 
trol.  Cross  cost  sis  Hon  of  the  uncontrolled  (original)  pressure 
signatures  hots  the  dfffiwsr  and  the  dump  plane  locations 
showed  that  peak  negative  correlation  occurs  around 
r/TmOM.  For  the  Urns  delay  used  here  r/T=  0.18,  the 
correlation  coefficient  it  tUU  negative.  This  suggests  that,  for 
a  choeen  time-delay,  If  the  correlation  coefficient  is  negative, 
then  the  control  may  be  effective.  This  would  Imply  that 


than  may  be  a  range  of  time  delays  for  which  control  of  the 
instability  ia  possible.  A  similar  observation  was  made  in  an 
experimental  study  at  NWC  by  Schadow  et  al.  (1990).  They 
showed  that,  in  their  teat  rig,  the  control  waa  moat  effective 
within  a  specific  phase  range  of  150-330  degrees.  In  the 
present  study,  more  simulations  an  nsrrssstry  to  determine 
if  a  similar  phaaa  range  exists  for  control  effectiveness. 

In  the  experimental  studies  at  NWC,  the  sensor  (micro¬ 
phone)  eras  located  approximately  one  step  height  down¬ 
stream  of  the  dump  plane  due  to  the  restrictions  imposed  by 
the  test  rig  configuration.  To  numarieaily  determine  the 
effect  of  sensor  location  on  the  control  effectiveness,  another 
simulation  was  performed  with  the  sensor  located  one  step 
height  downstream  of  the  dump  plane  aa  in  the  experiments 
(location  c,  Figure  1).  Figure  7d  shows  the  pressure  signal  at 
tha  dump  plana  for  this  simulation.  Tha  time-delay  used  for 
this  simulation  waa  tha  same  as  in  the  simulation  ahown  in 
Figure  7c.  Although  tha  preasurs  fluctuation  level  drope  from 
the  IS  percent  uncontrolled  level  to  around  5  percent  of  the 
mean  preasurs,  comparison  between  Figures  7c  and  7d  shows 
that  for  tha  chosen  time-delay,  the  control  with  the  sensor 
close  to  the  loudspeaker  eras  leas  effective  than  when  the  sen¬ 
sor  was  located  in  the  diffuaer.  Croes  correlation  between  the 
original  pressure  signals  from  the  dump  plane  and  a  step 
height  downstream  showed  that  the  peak  positive  correlation 
occurs  around  r/T=  0.03  and,  for  the  time-delay  chosen  for 
this  simulation,  the  correlation  coefficient  was  still  positive. 
The  relatively  weaker  control  of  the  pressure  fluctuation 
shown  in  Figure  7d  appears  to  indicate  that  negative  correla¬ 
tion  maybe  required  for  effective  control. 

To  further  evaluate  thia  hypothesis,  another  simulation 
with  a  new  time-delay  of  around  r/T  —  0.3  was  performed. 
For  this  time-delay,  the  correlation  coefficient  ia  negative. 
Figure  7e  shorn  the  pressure  signal  for  this  case.  Com¬ 
parison  with  Figure  7d  shows  that,  for  this  time-delay,  a 
better  control  of  the  high-frequency  pressure  fluctuation  is 
achieved,  with  the  peak-to-peak  level  dropping  to  lees  than  8 
percent  of  the  mean  pressure,  as  eras  aaen  in  Figure  7c. 

Flow  visualisation  of  tha  flame  propagation  during  active 
control  showed  that  the  flame  structure  does  not  change  in 
any  significant  manner  from  the  structure  seen  in  the  uncon¬ 
trolled  case  (Figure  3b).  Spectral  analysis  of  the  pressure 
fluctuation  in  the  combustor  showed  that  as  the  control 
becomes  effective,  the  dominant  frequency  increases  from 
938  Ha  to  around  1  kHs.  When  the  control  is  turned  off,  the 
frequency  drope  back  to  tha  original  value. 

4.3  Active  Control  of  Type  □  Instability 

The  active  control  strategy  employed  for  the  control  of 
Type  I  instability  was  than  applied  to  tbs  Type  II  instability. 
Cross  correlation  between  the  pressure  signals  from  the  dump 
plane  and  the  diffueer  location  b  showed  that  these  is  negligi¬ 
ble  time-delay  between  the  two  signals.  Further  analysis  also 
showed  that  tha  pressure  field  is  nearly  in- phase  everywhere 
in  the  combustor.  Thus,  it  eras  expected  that  tha  control  sig¬ 
nal  as  defined  by  Equation  (7)  should  be  effective.  Figure  8a 
shows  the  pressure  signal  with  no  control,  and  Figure  8b 
shows  the  corresponding  pressure  signal  with  tha  active  con¬ 
trol  system  turned  on.  The  constant  A,  for  this  simulation 
area  0.3.  It  is  clear  that  the  control  used  for  thia  case  was 
quite  affective  in  reducing  the  pressure  fluctuation  levels.  In 
fact,  the  peak-to-peak  level  of  oscillation,  which  waa  around 
80  percent  of  tha  mean  pressure  for  the  uncontrolled  case 
(Figure  8a),  is  now  reduced  to  ahnoet  4  percent  (Figure  8b), 
which  ia  about  tha  same  level  as  was  achieved  for  the  Type  I 
instability.  Aa  sees  in  the  figure,  the  control  does  take  a  cer¬ 
tain  amount  of  time  to  become  effective.  The  effect  of  turn¬ 
ing  off  the  control  ia  demonstrated  in  Figure  Sc,  which  shows 


the  prawn  signal  after  th*  control  signal  wu  turned  off  at 
the  end  of  the  sjmiilation  ihown  in  Figure  8b.  Although  it 
take#  a  finite  amount  of  time,  the  Type  II  inetability  return*. 

The  propagation  of  the  vortex/flame  structure  seen  in  the 
uncontrolled  cue  (Figure  Sb)  is  also  changed  drastically, 
with  the  flame  structure  now  taking  a  shape  similar  to  that 
observed  during  the  Type  I  instability  simulation  (Figure  3b). 
A  typical  flame  structure  in  the  combustor  during  control  of 
th*  Type  H  instability  is  shown  in  Figure  8d. 

Spectral  analysis  of  th*  pressure  fluctuation  in  th*  combus¬ 
tor  both  with  and  without  active  control  (Figures  8b  and  8c, 
respectively)  was  carried  out.  When  th*  control  is  first 
turned  on,  the  dominant  166  Hi  oscillation  frequency 
increases  to  176  Hi,  but  as  the  control  becomes  effective  and 
the  pressure  fluctuation  level  drops,  only  a  high-frequency 
fluctuation  at  around  1.2  kHs  remains.  This  increase  in  fluc¬ 
tuation  frequency  during  active  control  was  also  observed 
during  control  of  the  Type  1  simulation  described  in  Section 
4.1.  When  th*  control  is  turned  off,  the  dominant  frequency 
begins  to  decrease  and  the  amplitude  increases  until  finally 
only  the  loss-frequency,  high-amplitude  oscillation  remains. 

To  determine  if  the  finite  time  required  for  the  control  to 
become  effective  can  be  reduced,  the  control  of  Type  II 
instability  ssas  initiated  at  nearly  th*  beginning  of  th*  groseth 
of  the  Type  II  instability  (see  Figure  6a).  Figure  9a  shosss 
th*  result  of  this  simulation.  Although  th*  peak  pressure  level 
that  is  reached  in  the  first  cycle  is  lower  than  what  ssas 
observed  in  the  earlier  simulation  (Figure  8b),  th*  control  still 
takes  nearly  th*  same  amount  of  time  to  become  effective. 
Also  shosen  in  this  figure  are  tsro  other  (partial)  simulations 
srith  increasing  value  of  th*  gain  parameter  Af.  Increase  in 
A t  essentially  translates  to  an  increase  in  the  power  used  to 
drive  the  loudspeaker.  The  simulations  show  that  when  A ,  is 
increased  the  peak  pressure  that  is  reached  in  the  first  oscilla¬ 
tion  decreases  and  the  control  becomes  more  effective. 

The  time  variation  of  the  Rayleigh  parameter  and  the 
pressure  fluctuation  at  th*  dump  plane  is  shown  in  Figure  9b 
for  a  portion  of  th*  active  control  simulation  described  in 
Figure  9a  (srith  Af  —  0.3).  Th*  Rayleigh  parameter  indicate* 
that  the  oec illation  is  very  unstable  during  th*  early  period  of 
th*  control  but  that  as  th*  control  becomes  effective,  the 
Rayleigh  parameter  becomes  very  mall  and  th*  combustion 
process  approaches  stable  operation. 

Another  simulation  was  carried  out  with  a  very  different 
time-delay  between  th*  sensor  and  control  signal.  Figure  9c 
shows  the  pressure  signal  for  th*  control  case  srith  a  time- 
delay  of  r/  T  =  0.03.  Since  th*  pressure  field  eras  nearly  in- 
phase  everywhere  in  th*  combustor,  this  time-delay  implies  a 
situation  close  to  peak  positive  correlation.  Therefore,  this 
control  approach  eras  not  supposed  to  be  effective.  Figure  9c 
clearly  shosra  that  the  control  is  quit*  poor;  however,  it  is 
interesting  to  not*  that  th*  pressure  fluctuation  level  does 
decrease  slowly.  Also  shown  in  this  figure  Is  th*  computed 
Rayleigh  parameter,  R(t)/R*,  and  the  projected  variation  of 
th*  unsteady  heat  release  term.  Th*  Rayleigh  parameter  also 
slowly  decrease*  indicating  that  although  th*  control  is  poor, 
it  ha*  a  stabilising  effect  in  th*  pressure  oecillation.  This 
indicate*  that  control  of  th*  Type  II  instability  is  also  possi¬ 
ble  for  different  phssss  between  th*  recorded  and  control  sig¬ 
nals,  but  that  there  may  again  be  tome  optimum  rang*  in 
which  th*  control  effectiveness  is  at  a  maximum.  Further 
simulations  with  different  phase*  are  planned  to  understand 
th*  relationship  between  plus*  and  control  effectiveness. 

6.  CONCLUSIONS 

A  large  eddy  simulation  model  has  been  developed  that 
contains  th*  essential  physic*  of  combustion  instability  such 


as  the  acoustic  wavs  motion,  interaction  between  the  large 
eddies,  and  combustion  and  unsteady  heat  release  during 
premixed  fuel  combustion  in  a  ramjet.  Th*  combustion 
model  used  for  the  simulations  explicitly  incorporates  the 
local  turbulent  flame  speed  and  avoids  the  erroneous  numeri¬ 
cal  heat  release  that  would  occur  in  a  finite-rate  chemistry 
model,  while  attempting  to  resolve  the  internal  structure  of 
th*  flam*.  Two  types  of  combustion  instability  have  been 
identified  from  th*  simulation  results:  a  small-amplitude, 
high-frequency  instability  and  a  large-amplitude,  low- 
frequency  instability.  Both  typea  of  instability  have  been 
experimentally  observed  and  many  of  th*  qualitative  features 
of  th*  numerically  computed  instabilities  are  in  good  agree¬ 
ment  srith  th*  experimental  observations. 

Th*  data  stored  during  the  simulations  was  then  utilised 
to  study  active  control  techniques  to  control  the  unstable 
pressure  oscillations.  Th*  first  phase  of  this  study  involved 
th*  application  of  acoustic  feedback  control  techniques.  It 
has  been  demonstrated  here  that  active  control  of  both  types 
of  instability  can  be  accomplished  by  such  a  technique. 
Furthermore,  it  eras  shown  that  the  instabilities  could  be 
turned  on  and  off.  This  capability  can  be  used  to  study  and 
understand  the  transient  process  prior  to  the  growth  of  the 
instability.  Both  the  control  and  recovery  of  the  Type  II  in¬ 
stability  take  relatively  a  much  longer  time  period  as  com¬ 
pared  to  the  Type  I  instability.  Some  effects  of  varying  the 
time-delay  between  the  sensor  and  control  signal  was  also 
studied  and  it  eras  shown  that  control  is  possible  for  different 
choices  of  the  time  delays.  This  is  in  qualitative  agreement 
srith  experimental  observations. 

Further  work  is  planned  to  study  the  effect  of  time  delay 
on  acoustic  feedback  control  and  to  explore  another 
approach  to  actively  control  the  instability  by  using  unsteady, 
secondary  fuel  injection.  Also,  as  mentioned  earlier,  the 
local  turbulent  flam*  speed  in  the  present  combustion  model 
used  only  a  constant  value  for  the  subgrid  turbulence  inten¬ 
sity.  To  study  more  realistic  cases,  a  subgrid  model  based  on 
the  solution  of  the  subgrid  turbulent  kinetic  energy  has  been 
incorporated.  This  model  will  be  used  to  take  into  account 
th*  nonuniformity  of  the  turbulent  fluctuations  in  the  subgrid 
scales,  and  then  used  to  determine  the  local  turbulent  flame 
speed. 

ACKNOWLEDGEMENT 

This  research  is  funded  by  the  Office  of  Naval  Research 
under  Contract  No.  N00014-90-C-0089  and  monitored  by 
Dr.  Eric  Hendricks  of  the  Applied  Research  and  Technology 
Directorate  Th*  computational  resource  was  provided  by 
th*  National  Aerodynamic  Simulator  (NAS)  at  NASA  Ames 
Research  Center  and  is  gratefully  acknowledged. 

REFERENCES 

Bloxsidge,  G.  J.,  Dowling,  A.  P.,  Hooper,  N.,  and  Langhome, 
P.  J.  (1^88)  'Active  Control  of  Reheat  Buss,*  AJAA  J., 
Vol.  36,  pp.  783-790. 

Bogar,  T.  J.,  and  Sgjben,  M.  (1979)  'The  Role  of  Convective 
Perturbation*  in  Supercritical  Inlet  Oscillations,*  CPIA 
Publication  No.  413. 

Chu,  B.-T.,  and  Kovaaanay,  L.  S.  G.  (1968)  'Nonlinear 
Interactions  in  a  Viscous  Heat-Conducting  Compressible 
Gas,’  /  /tmd  Mtc A,  Vol.  3,  pp.  494-614. 

Culick,  F.  B.  C.  (1989)  'Combustion  Instabilities  in  Liquid- 
Fueled  Propulsion  Systems  -  An  Overview, *  AGARD 
CP-460,  pp.  1.1-1.73. 

Feraiger,  J.,  and  Leslie,  D.  C.  (1979)  'Large-Eddy  Simula¬ 
tions:  A  Predictive  Approach  to  Turbulent  Flow  Compu¬ 
tations,'  AIAA-79-1471. 


6 


Gulati,  A.,  and  Mani,  R  (I960)  "Active  Control  of  Unsteady 
Combustion-Induced  Oscillations,"  AIAA-90-0270. 

Gutmark,  B.,  Parr,  T.  P.,  Hanson-Parr,  D.  M.,  and  Schadow, 
K.  C.  (1989)  "On  the  Role  of  Large  and  Small-Scale  Struc¬ 
tures  in  Combustion  Control,"  Combustion  Sci  and  Tick., 
Vol.  66,  pp.  107-116. 

Gutmark,  E.,  Parr,  T.  P-,  Parr,  D-  M.,  and  Schadow,  K.  C. 
(1990)  "Active  Control  of  a  Premixed  Flame,"  AIAA-90- 
1448. 

Hedge,  U.  G.,  Reuter,  D.,  Zinn,  B.  T.,  and  Daniel  B.  R. 
(1987)  "Fluid  Mecha*  ically  Coupled  Combustion  Instabil¬ 
ities  in  Ramjet  Combustors,"  AIAA-87-0216. 

Jou,  W.-H.,and  Menon,  S.  (1987)  "Simulations  of  Ramjet 
Combustor  Flow  Fields,  Part  II.  Origin  of  Pressure  Fluc¬ 
tuations,"  AIAA-87-1422. 

Jou,  W.-H.,and  Menon,  S.  (1990)  "Modes  of  Oscillations  in  a 
Nonreacting  Ramjet  Combustor  Flow,”  to  appear  in  /. 
Propuleion  and  Power,  Vol.  6,  No.  6. 

Kailasanath,  K.,  Gardner,  J.  H.,  Oran,  E.  S.,  and  Boris,  J.  P. 
(1989)  "Effects  of  Energy  Release  on  High  Speed  Flows 
in  an  Axisymmetric  Combustor,”  AIAA-89-0385. 

Kerstein,  A.  R.,  Ashurst,  W.  T.,  and  Williams,  F.  A.  (1988) 
"Field  Equation  for  Interface  Propagation  in  an  Unsteady 
Homogeneous  Flow  Field,"  Physical  Re*.  A.,  Vol.  87,  No. 
7,  pp.  2728-2731. 

Lang,  W.,Poinsot,  T.,  and  Candel,  S.  (1987)  "Active  Control 
of  Combustion  Instability,"  Comb,  and  Flame,  Vol.  70,  pp. 
281-289. 

Langhome,  P.  J.,  and  Hooper,  N.  (1989)  "Attenuation  of 
Reheat  Buss  by  Active  Control,"  Presented  at  the 
AGARD  Meeting  on  Combustion  Instability  in  Liquid- 
Fueled  Propulsion  Systems,  AGARD-CP-450,  pp.  10.1- 
10.16. 

Malte,  P.  C.,  Schmidt,  S.  C..  and  Pratt,  D.  T.  (1977)  "Hydroxyl 
Radical  and  Atomic  Oxygen  Concentrations  in  High- 
Intensity  Turbulent  Combustion,"  Free.  19th  Symposium 
(Intn.)  on  Combustion,  pp.  145-165. 

Menon,  S.,  and  Jou,  W.-H.  (1987)  "Simulations  of  Ramjet 
Combustor  Flow  Fields,  Part  I:  Numerical  Model,  Large- 
Scale  and  Mean  Motions,"  AIAA-87-1421. 

Menon,  S.,and  Jou,  W.-H.  (1990a)  "Numerical  Simulation*  of 
Oscillatory  Cold  Flow*  in  an  Axisymmetric  Ramjet 
Combustor,"  to  appear  in  J  Propulsion  and  Power,  Vol.  6, 
No.  5. 

Menon,  S.,and  Jou,  W.-H.  (1990b)  "Large-Eddy  Simulations 
of  Combustion  Instability  in  an  Axisymmetric  Ramjet 
Combustor,"  AIAA-90-0267,  to  appear  in  Combustion  Sci¬ 
ence  and  Technology. 

Menon,  S.  (1991)  "Active  Control  of  Combustion  Instability 
in  a  Ramjet  using  Large-Eddy  Simulations,"  AIAA  Paper 
No.  91-0411,  to  be  presented  at  the  29th  Aerospace  Sci¬ 
ences  Meeting,  Reno,  NV,  January  7-11. 

Poinsot,  T.  J.,  Bourienne,  F.,  Esposito,  E.,  Candel,  S.,  and 
Lang,  W.(1987)  "Suppression  of  Combustion  Instability  by 
Active  Control,"  AIAA-87-1876. 

Schadow,  K.  C.,  Gutmark,  E.,  Parr,  T.  P.,Parr,  D.  M.,  Wilson, 
K.  J.,  and  Crump,  J.  H.  (1987)  "Large-Scale  Coherent 
Structure*  as  Drivers  of  Combustion  Instability,’  AIAA- 
87-1326. 

Schadow,  K.  C.,  Gutmark,  E.,  and  Wilson,  K.  J.  (1990) 
"Active  Combustion  Control  in  a  Coaxial  Dump  Combiw- 
tor,"  AIAA-90-2447. 

Smith,  D.  A.,  and  Zukoski,  E.  E.  (1985)  "Combustion  Instabil¬ 
ity  Sustained  by  Unrteady  Vortex  Combustion,"  AIAA- 
85-1248. 

Sterling,  J.  D.,  and  Zukoski,  E.  E.  (1987)  "Lorgitudinal  Mod* 
Combustion  Instabilities  in  a  Dump  Combustor,"  AIAA- 
87-0220. 

Williams,  F.  A.  (1985)  OombneHon  Theory,  Second  Edition, 
Benjamin /Cummings  Publishing  Co. 


Yakhot,  V.  (1989)  "Propagation  Velocity  of  Premixed  Tur¬ 
bulent  Flame,"  Combustion  Sci  and  Tech.,  Vol.  60. 

Yakhot,  V.,and  Onsag,  S.  A.  (1986)  ’Renormalisation  Group 
Analysis  of  Turbulence,  I:  Basic  Theory,  J.  Sci  Comp., 
Vol.  1,  No.3. 

Yang.  V.,  and  Culick,  F.  E.  C.  (1985)  " Analysis  of  Unsteady 
Inviscid  Diffuser  Flow  with  a  Shock  Wave,*  /  Propulsion 
and  Power,  Vol.  1,  No.  3,  pp.  222-228. 


7 


I 


) 


C  -  I  c  -  I 


a.  Discontinuous  flame  model  b.  Broadened  flame  model 


Figure  2.  The  discontinuous  and  diffused  flame  structure 
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a.  Pressure  fluctuation  at  the  base  of  the  step 
Figure  3.  Typical  flow  features  observed  during  Type  I  combustion  instability 
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Figure  3.  Typical  flow  features  observed  during  Type  I  combustion  instability  (cont.) 


a.  Temporal  variation  of  R(t) 


Figure  4.  Rayleigh  criteria  In  the  combustor  for  Type  I  instability 
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Figure  6.  Rayleigh  criteria  in  the  combustor  for  Type  II  instability 


Figure  7.  The  affect  of  acoustic  feedback  control  on  the  Type  I  pressure  fluctuatloas 
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e.  Control  ON/OFF  with  j  =  0.15; 
Sensor  at  location  b. 


Time  (sec) 

d.  Control  ON  with  ~r  = 
Sensor  at  location  c. 


Figure  7.  The  effect  of  acoostk  feedback  control  on  the  Type  I  pressure  fluctuations  (coot) 


a.  Control  OFF,  reference  signal. 
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b.  Control  ON  with  -j;  =  0.5; 
Sensor  at  location  b. 
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c.  Control  OFF,  after  control  ON  in  Figure  8b. 
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Figure  8.  The  effect  of  acoustic  feedback  control  on  the  Type  II  pressure  fluctuation 
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b.  Rayleigh  Criteria,  R(t)  aad  pressure  fluctuation 
for  coatrol  ON  with  —  **  0.S  aad  A,  ■  0.2 
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c.  Rayleigh  Criteria,  R(t)  aad  pressure  fluctuation 
for  coatrol  ON  with  j;  -  0.03  and  A,  »  0.2 


Figure  9.  The  effect  of  gala  aad  time  delay  oa  the  Type  II  instability 


